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A  combined  analytical  and  experimental  program  has  been  carried  out  to  under¬ 
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ses;  to  construct  and  electrically  test  a  scale  model  ( SCAT  SAT )  of  the  P78-2 
(SCATHA)  spacecraft;  to  make  a  comparison  between  test  results  and  model  a^ 
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prediction;  and  to  specify  a  strawman  set  of  electrical  test  procedures  for 
simulating  the  response  of  spacecraft  to  ESD  for  incorporation  into  a  Space¬ 
craft  Charging  Military  Standard;  to  compare  the  internal  response  of  the 
SCATSAT  to  two  techniques  simulating  different  aspects  of  the  discharge,  the 
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A  high  fidelity  physical  electromagnetic  model  of  the  SCATHA  P78-2  space  ve¬ 
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different  aspects  of  an  electrostatic  discharge,  the  arc  itself  and  blowoff  of 
charged  particles.  The  responses  measured  on  the  model  were  compared  to  re¬ 
sponses  measured  on  the  P78-2  for  a  Mil-Std  1541  arc  injection  to  test  the 
model’s  fidelity,  with  reasonable  agreement  resulting.  The  model  responses 
show  that  simulation  of  charge  blowoff  produces  larger  internal  responses  per 
ampere  of  drive  than  does  a  simple  arc  simulation,  except  when  the  arc  is 
coupled  directly  to  the  measurement  pointy  Measured  responses  for  the  two 
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EXECUTIVE  SUMMARY 


Electrical  responses  of  the  SCATSAT,  a  physical  electromagnetic  model  of  the 
SCATHA  P78-2  space  vehicle,  were  measured  for  two  drive  techniques  simulating 
different  aspects  of  an  electron  induced  discharge  (EID).  One,  arc  injection,  simulates 
a  punchthrough  discharge  while  the  second,  capacitive  direct  injection,  simulates  the 
blowoff  of  charged  particles  which  is  the  principal  consequence  of  the  discharge.  The 
injection  locations  and  measurement  points  on  the  SCATSAT  corresponded  to  those  used 
in  arc  injections  to  the  real  P78-2  space  vehicle.  Comparisons  between  the  SCATSAT 
and  P78-2  responses  were  made  to  test  the  validity  of  the  electromagnetic  model  and 
to  estimate  the  response  of  the  P78-2  to  a  CDI  simulation  of  charge  blowoff. 

Past  analyses  and  tests  have  shown  that  blowoff  charge  and  its  CDI  simulation 
cause  larger  external  responses  on  a  simple  object  per  ampere  of  drive  than  does  arc 
injection.  A  major  purpose  of  this  program  was  to  determine  if  the  same  is  true  for 
internal  (cable)  coupling  in  an  object  of  satellite  like  complexity,  for  it  is  these 
responses  which  are  of  real  interest  for  satellite  EID  survivability.  The  results  are  also 
useful  to  aid  in  understanding  responses  of  the  P78-2  once  it  is  on  orbit  and  in 
developing  an  adequate  military  standard  test  for  EID  effects. 

The  measured  SCATSAT  CDI  responses  per  ampere  of  drive  current  were  larger 
than  the  arc  responses  in  every  case  except  those  few  where  the  injection  point  was 
directly  coupled  to  the  measurement  point,  i.e.,  those  associated  with  the  solar  array. 
Then  arc  injection  produced  larger  responses.  Response  comparisons  show  that  the 
SCATSAT  is  a  good  but  not  perfect  simulation  of  the  P78-2,  the  principal  difference 
being  a  higher  degree  of  shielding  (lower  transfer  function)  in  the  SCATSAT  than  in  the 
P78-2,  probably  because  not  all  penetrations  have  been  included  in  the  model. 
Calculations  based  on  the  measured  responses  show  that  the  most  sensitive  P78-2 
critical  circuit  threshold  would  not  have  been  exceeded  during  the  space  vehicle  arc 
injections  but  that  threat  level  CDI,  or  arc  injections  a  factor  of  two  to  five  higher, 
would  have  caused  the  threshold  to  be  exceeded.  The  first  calculation  is  supported  by 
the  MMC  EMC  tests  which  reported  "no  anomalies  as  a  result  of  the  static  discharge  to 
the  vehicle."  The  comparisons  also  indicated  a  possible  problem  in  EID  simulation 
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quality  for  arcs  on  a  real  solar  array  resulting  from  the  polarity  and  illumination 
sensitive  conductivity  of  real  cells.  However,  these  calculations  need  further  validation 
through  a  better  definition  of  the  P78-2  transfer  function. 

We  conclude  from  the  tests  and  calculations  the  following: 

1.  The  P78-2  is  likely  to  experience  upsets  once  it  is  on  orbit 

2.  That  threat  level  CDI  simulation  of  charge  blowoff  should  be  added  to  the 
present  MIL- 1541  arc  discharge  tests  with  emphasis  on  proper  injection 
polarity  for  EID  qualification 

3.  That  the  effects  of  solar  array  illumination  on  EID  simulation  quality  should 
be  studied  along  with  the  continuing  simulation  validation  efforts. 

Because  of  finding  (1),  and  to  relate  the  observed  discharge  response  meas¬ 
urements  to  the  discharge  stimulus,  it  is  important  to  develop  a  transfer  function  model 
for  the  P78-2  based  on  a  coupling  and  susceptibility  analysis  and  model  testing  to 
interpret  the  on  orbit  behavior  of  the  P78-2. 

The  result  of  the  simulation  testing  should  be  paralleled  by  a  continuation  of  the 
analytical  effort  in  which  a  parametric  sensitivity  study  is  carried  out  to  determine  how 
each  element  of  the  threat:  amplitude,  frequency  content,  and  method  of  coupling, 
affects  the  response.  Such  activity  was  begun  in  Phase  1  of  this  program  and  should  be 
completed.  An  evaluation  should  also  be  made  of  which  aspects  of  the  response 
produced  are  most  critical  in  producing  EID  induced  upset  or  damage  as  a  guide  to 
response  simulation. 
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A  second  phase  of  testing  on  the  SCATSAT  electromagnetic  model  of  the  P78-2 
spacecraft  has  been  completed  and  is  reported  here.  The  objective  of  this  experimental 
effort  was  to  obtain  data  on  the  internal  coupling  produced  by  two  types  of  electrical 
excitation  at  specific  drive  points  on  the  SCATSAT  model.  The  excitations  are  applied 
to  eleven  different  points  as  listed  and  diagrammed  in  Figure  1.  Five  of  the 
measurement  points  are  listed  in  Table  1  and  diagrammed  in  Figure  2.  These  are  the 
excitation  and  measurement  points  used  in  the  Martin  Marietta  Corporation  (MMC)  arc 
injection  tests  of  the  P78-2  spacecraft  (Refs.  1,2) 


Table  1.  P78-2  and  SCATSAT  Measurements 


P7S-2 

Experiment 

Measurement  Name 

Description 

TPM* 

High  Z 

Unshielded  halt  loop  of  wire  taped  to  outside  of 
toroidal  cable  bundle  shield.  Far  end  terminated 
with  100  Kfi,  TPM  end  has  10K  series  resistor  into 
50fi  load. 

TPM 

Low  Z 

Same  as  high  Z  except  far  end  is  grounded  and  no 
series  resistance. 

TPM 

Upper  Array 

A  current  probe  on  the  +  wire  of  the  upper  solar 
array. 

TPM 

PCU  Ground 

A  current  probe  on  the  wire  connecting  the  PCU  to 
the  spacecraft  single  point  ground. 

SC1-8B 

Cable 

A  120°  length  of  unshielded  wire  in  the  toroidal 
bundle,  under  the  overall  shield. 

Transient  Pulse  Monitor 

The  excitation  methods  consisted  of  an  arc  injection  similar  to  that  used  by  MMC 
and  a  capacitive  direct  injection  (CD1).  The  first  excitation  simulates  one  aspect  of  the 
electron  induced  discharge  (E1D),  a  punchthrough  breakdown.  The  second  excitation 
simulates  a  second  and  possibly  more  important  aspect  (from  the  standpoint  of 
amplitude  of  satellite  structural  response),  the  emission  of  charged  particles  from  the 
surface  of  the  satellite  in  a  blowoff  discharge.  A  previous  analysis  and  test  program 
(Ref.  3)  has  demonstrated  the  relative  excitation  of  a  simple  object,  a  right  circular 
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cylinder,  by  these  two  phenomena.  The  conclusion  of  this  work  is  that  the  structural 
responses  produced  by  blowoff  can  be  an  order  of  magnitude  or  more  greater  than  that 
produced  by  an  arc  discharge.  This  test  sequence  was  conducted  to  determine  if  the 
same  were  true  for  the  coupling  to  the  interior  of  a  realistic  test  object,  using  both  CD  I 
and  realistic  arc  injection  techniques  already  applied  to  an  actual  spacecraft. 


1  SC2-2  BASE  TO  SHOULDER 

2  SCI -A  BASE  TO  SHOULDER 

3  6  INCHES  FROM  SCI 0- 3 

EXIT  HOLE 

4  SC11  THERMAL  BLANKET 


7  BASE  OF  SC6-1  BOOM  TO 
SHOULDER  JOINT 

8  SOLAR  ARRAY  ADJACENT  TO 
SCI -1  BB  COVER 

9  SOLAR  ARRAY  ADJACENT  TO 
SCI -1  BB  COVER 


5  BASE  OF  AFT  OMNI  ANTENNA 

6  STRUCTURE  ADJACENT  TO 
SC4-2  APERTURE 


10  NEAREST  POINT  TO  CONDUCTIVE 
RING  (SC7) 

11  SC 7  AFT  CLOSURE  SCREW 
CLOSEST  TO  SC7  APERTURE 


RT- 1 71 41 

Figure  1.  Arc  injection  points  on  the  P78-2  and  on  SCATSAT 
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TOP  VIEW 


PICKUP 


TPM  I  PROBES 


FIBER  OPTIC  DATA  LINK  TRANS¬ 
MITTERS  ARE  SUBSTITUTED  FOP 
THESE  TWO  BOXES.  ONLY  ONE 
INPUT  USED  AT  A  TIME  WITH  THE 
OTHER  LINES  LEFT  IN  PLACE . 


ARRAY  GROUND 


RT- 1 71 42 

Figure  2.  TPM  and  SC  1-8B  measurements  on  P78-2  which  were  simulated 

on  the  SCATSAT 


The  MMC  arc  test  on  the  P78-2  also  monitored,  indirectly,  the  signals  on 
spacecraft  wiring  by  looking  for  anomolies  in  spacecraft  operation  as  the  injections 
occurred.  If  no  anomolies  were  detected,  then  the  coupled  signals  were  presumably 
below  circuit  thresholds,  which  were  specified  in  the  P78-2  test  plan  for  twelve 
identified  critical  circuits.  That  is,  there  is  a  positive  safety  margin  of  unknown  value. 


However,  if  the  on  orbit  electron  induced  discharge  results  in  blowoff  which  causes 
significantly  greater  coupling  than  the  arc  injection,  then  these  margins  may  go 
negative  and  the  upset  thresholds  would  be  exceeded.  To  help  determine  these  margins, 
tests  were  run  using  a  CDI  simulation  of  blowoff.  The  SCATSAT  model  contains  actual 
spacecraft  cables  representative  of  the  routings  of  the-  most  sensitive  and  least 
sensitive  P78-2  critical  circuits.  Since  the  SCATSAT  has  no  electronics  simulation  to 
monitor  for  anomolies,  the  actual  load  voltage  on  these  two  lines  were  measured  for 
comparison  to  the  critical  circuit  threshold  voltages  given  in  Ref.  2.  Thus,  the  test 
matrix  consists  of  seven  measurements  for  injection  at  eleven  points  using  two 
techniques.  These  data  and  the  published  P78-2  arc  data  (Ref.  4,5)  form  the  basis  for 
making  predictions  of  P78-2  performance  for  CDI  simulation  of  blowoff  discharge. 
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2.  EXPERIMENT  DESCRIPTION 
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The  planned  experimental  effort  was  described  in  the  Draft  Test  Plan  (Ref.  6)  of 
September  29,  1978.  The  actual  test  adhered  quite  faithfully  to  the  test  plan  except 
that  all  of  the  CDI  testing  was  done  first  and  the  arc  testing  later.  This  was  because  of 
difficulty  encountered  in  building  a  satisfactory  arc  pulser.  The  duration  of  the  test 
effort  was  extended  to  five  weeks  because  of  this  difficulty  and  to  do  five  additional 
arc  injections  which  are  discussed  later.  The  key  features  of  the  experiment  are 
described  here. 

GENERAL  SETUP  AND  INSTRUMENTATION 

The  general  physical  layout  of  the  test  area  is  shown  in  Figure  3,  with  the 
SCATSAT  booms  partially  extended  and  oriented  as  shown.  A  photograph  of  the 
SCATSAT  appears  in  Figure  4  which  shows  the  boom  configuration  more  clearly.  The 
fiber  optic  cables  were  suspended  overhead  and  routed  as  shown.  The  hardwire 
instrumentation  cable,  when  used,  was  routed  straight  down  from  the  exit  point  near 
SCI  1-1  boom  and  then  run  on  the  floor  to  the  screen  room.  The  test  stand  was  non- 
metallic  as  were  the  struts  used  to  hold  the  booms  in  their  partially  deployed  position. 
Thus  the  object  was  electromagnetically  isolated  except  when  the  hardwire  was  used. 

The  isolated  instrumentation  configuration  is  shown  in  Figure  5.  The  fiber  optic 
data  links  are  the  400  MHz  HDL  links.  Two  of  these  were  used  though  only  one  is 
shown.  The  data  was  fed  into  the  single  ended  input  of  the  transmitters  and 
transmitted  out  of  the  satellite  on  the  fibers.  The  data  out  of  the  fiber  optic  receivers 
were  displayed  on  an  oscilloscope  and  recorded  on  Polaroid  film.  The  scope  was 
externally  triggered  as  shown.  This  is  a  straightforward  connection  for  the  Anvil  160 
pulser  used  for  the  capacitive  direct  injection  and  as  the  trigger  source  for  the  arc 
pulser.  Only  a  delay  is  required  between  the  trigger  generator  and  scope  to  offset  the 
delay  in  the  data  link,  and/or  the  delay  between  arrival  of  the  trigger  pulse  and  actual 
arc  occurrence.  For  the  CDI  part  of  the  experiment  the  delay  was  provided  by  long 
cables  while  a  Data  pulse  101  pulse  generator  was  used  to  provide  the  longer  delay 
required  during  the  arc  tests. 


FIBER  OPTIC 
CABLES 


.SCATSAT 


RT- 1 7137 


CONCPfTE  floor 
SIDE  VIEW  A-A 


Figure  3.  General  layout  of  experimental  area 


14 


RT-17140 


Figure  5.  Isolated  instrumentation  configuration  schematic.  Shown  configured 
for  a  capacitative  direct  injection  excitation.  For  arc  injection, 
the  plate  and  damping  resistor  were  replaced  with  the  arc  pulser 

(see  Figure  13 A). 

The  hardwire  instrumentation  configuration  was  similar  except  that  the 
measurement  point  was  fed  directly  from  the  patch  panel  on  the  side  of  SCATSAT  into 
a  30  foot  long  0.141  inch  semirigid  coax,  through  the  screen  room  wall,  and  into  the 
scope  or  a  wideband  amplifier.  The  amplifier  was  used  as  required  because  of  the  small 
amplitude  (less  than  a  millivolt)  of  some  of  the  signals,  for  the  drive  levels  used,  and 
the  limited  sensitivity  of  the  7A19  scope  vertical  plug-in,  10  mV/di v.  The  amplifier  has 
a  fixed  gain  of  20  which  increases  the  scope  sensitivity  to  0.5  mV/div. 

The  bandwidth  of  the  Hewlett  Packard  8447D  amplifier  is  0.1  to  1300  MHz,  the 
bandwidth  of  the  7844  oscilloscope  and  7 A 19  plug-in  is  dc  to  400  MHz,  and  the 
bandwidth  of  the  fiber  optic  data  link  is  100  Hz  to  400  MHz.  The  bandwidth  of  the 
Singer  current  probes  is  100  KHz  to  200  MHz.  All  are  standard  50  ohm  impedance. 
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Each  HDL  fiber  optic  data  link  consists  of  a  battery  powered  single  channel 
transmitter  unit  ~3.5  x  3.5  x  10  inches,  a  pair  of  200  foot  long  fiber  cables,  a  receiver, 
and  a  controller.  Separate  power  supplies  are  required  to  power  the  receiver/controller 
and  for  charging  the  transmitter  batteries.  The  transmitter  is  in  a  quiesent  state  to 
minimize  battery  drain  until  activated  by  an  "on"  command  from  the  controller.  The 
same  "on"  command  also  sets  a  digital  attenuator,  with  individually  controllable  3,  6, 
12,  and  24  dB  steps  at  the  transmitter  input,  to  the  positions  selected  by  switches  on 
the  controller.  This  allows  the  input  signal  to  the  transmitter  to  be  attenuated  by  any 
amount  between  0  and  45  dB,  in  3  dB  steps,  by  remote  control.  The  purpose  of  this  is  to 
keep  the  signal  within  the  linear  range  of  the  link  while  maximizing  signal  to  noise 
ratio.  Verification  of  receipt  of  the  selected  attenuation  setting  by  the  transmitter  is 
provided  by  a  feedback  loop  activated  whenever  the  link  internal  calibrator  is  turned 
on.  The  calibrator  also  allows  a  gain  check  on  the  link  and  an  indication  of  battery 
condition. 

When  operated  just  within  their  linear  range,  10  mV  p-p  input  for  one  link  and 
5  mV  p-p  for  the  other,  the  practical  signal  to  noise  ratio  was  about  10  to  1  for  the 
links  used  in  this  experiment. 

SCATSAT  TEST  OBJECT 

The  SCATSAT  model  of  the  P78-2  spacecraft  is  described  in  detail  in 
Reference  7.  That  configuration  did  not  completely  meet  the  requirements  of  the 
present  effort  in  that  some  penetrations  and  sensor  wires  were  not  adequately 
simulated.  Modifications  were  made  to  incorporate  the  following  penetrations  and 
sensors: 

1.  The  four  boom  penetrations  shown  in  Figure  6. 

2.  The  aft  omni  antenna  shown  in  Figure  7. 

3.  The  SC7-3  experiment  shown  in  Figure  8. 

4.  The  high  and  low  Z  TPM  antennas  as  shown  in  Figure  9. 

5.  The  SC1-8B  "Cable"  antenna  shown  in  Figure  2. 

6.  Load  voltage  monitors  for  simulated  critical  circuits  in  boxes  3B  and  4B  as 
shown  in  Figure  10. 

7.  Corrected  array  and  PCU  ground  current  monitors  and  the  PCU  load 
capacitance  as  shown  in  Figure  2. 
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8.  A  five  layer  aluminized  mylar  thermal  blanket  on  the  SCI  1-1  experiment  at 
the  end  of  the  boom. 

Hinges  had  to  be  added  to  the  booms  as  shown  in  Figure  6  so  that  they  could  be  partially 
deployed  per  the  MMC  test  plan  (Ref.  2).  All  of  the  simulated  cables  outside  of  the 
Faraday  cage  (in  the  top  part  of  SCATSAT)  were  spiral  wrapped  with  the  double  sided 
aluminized  mylar  tape  supplied  by  MMC  to  simulate  their  treatment  of  these  cables. 


RT- 1 7 SO 7 


TRIAX 

OUTSIDE 


BELLY  BAND 


TRIAX  CONNECTOR 


LENGTH  DE  BRAID 
AT  HINGES 


LENGTH  or  BRAID! 

TO  TERMINATE  SPIRA1  SHIELD 


OUTER  LAYER  IS  A  SPIRAL 
WRAP  DOUBLE  SIDED  AUIMINIZED 
MYI  AR  TAPE  SUPPLIED  BY  MMC 


COAX  CABLE  INTO 
CABLE  BUNDLE 
(ROUTE  AS  APPROPRIATE) 


INTERNAL  WIRE  ROUTING 

SCI -A  (ON  RIR  7  BOOM)  DIRErTLY  INTO  BAY  7  (ROX  7) 

SC2-?  (ON  RIR  3  BOOM)  DIRECTLY  INTO  RAY  3  (BOX  3) 

sell -I  (ON  RIR  4  BOOM)  TO  RAY  S  (BOX  S)  THROUGH  RIR  4 

GCA-1  (ON  RIR  1  ROOM)  TO  RAY  A  (ROX  A)  THROUGH  MAIN  CARLE  BUNDLE. 

RT- 1 71  n 


Figure  6.  Boom  modifications 
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BOTTOM  VUW 
l)T  BRACK!  T 


OMNI  DT TAIL 

RUN  COAX.  FROM  OMNI  INTO  BAY  1. 
ROUTF  ALONG  INS  I  OF  OF  SOLAR 
ARRAY . 


RT-1714.1A 


Figure  7.  Aft  omni  antenna  configuration 


CHASSIS 


Figure  8.  SC7-3  experiment  configuration 
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RT-17136 

Figure  9.  High  and  low  Z  TPM  antenna  configuration  details. 


SMA  CONNECTOR 


SEMIRIGID  COAX  TO  FIBER  OPTIC  LINK 


7  WIRE  SHIELDED  CABLE 

/  , 


mm/mm 


SHIELD  CIRCUMFERENTIALLY 
TERMINATED 


RT- 1 71 58 


Figure  10.  Top  view  of  box  3B/4B  detail 
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A  photo  showing  the  top  of  the  SCATSAT  before  closing  appears  in  Figure  11(a). 
A  photo  showing  the  central  tube  and  bottom  of  the  SCATSAT  appears  in  Figure  11(b). 
In  the  latter  photo,  the  manhole  thermal  closeout,  the  main  bundle  shield,  and  the  High 
and  Low  Z  TPM  antennas  are  in  place.  Installation  of  the  aft  omni  antenna  and  SC7 
experiment  is  also  shown. 


(a)  Top  view 


(b)  Bottom  view 


Figure  1  1.  Internal  views  of  SCATSAT 


A  special  modification  was  made  to  facilitate  data  taking.  The  5C1-8R  "Cable" 
measurement  point  is  permanently  attached  to  its  FODL  transmitter  but  the  input  to 
the  transmitter  simulating  the  TPM  required  frequent  changes  to  monitor  the  various 
measurement  points.  This  would  have  required  opening  and  closing  the  belly  band 
segment  over  bay  4  for  each  change.  Instead  of  using  this  time  consuming  procedure, 
all  of  the  measurement  points  and  the  input  to  the  FODL  transmitter  were  brought  to  a 
patch  panel  mounted  on  Rib  4  and  accessible  through  a  series  of  holes  in  the  belly  band. 
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This  allows  an  external  jumper  to  easily  select  the  measurement  point  without  need  for 
opening  the  cover  each  time.  This  arrangement  is  shown  schematically  in  Figure  12(a) 
and  in  the  photo  of  Figure  12(b). 

The  SCATSAT  was  closed  electromagnetically  for  all  of  the  measurements.  The 
patch  panel  is  pulled  securely  against  the  inside  of  the  cover  door  on  bay  4  by  screws  to 
prevent  leakage  through  this  non-realistic  modification.  The  jumper  cable  was  kept 
short  and  routed  against  the  body  so  as  to  not  alter  the  external  body  configuration 
significantly.  The  jumper  was  semirigid  coax  with  SMA  connectors  to  minimize 
leakage. 

INJECTION  POINTS  AND  METHODS 

The  basic  capacitive  direct  injection  setup  is  shown  in  Figure  13(b).  The  Anvil  160 
pulser,  a  3  inch  by  4  inch  by  6  inch  box,  is  mounted  at  the  center  of  a  27  inch  diameter 
metal  disc  with  its  output  connector  feeding  through  the  disc.  The  disc  is  then 
suspended  or  supported  at  a  distance  of  35  cm  from  the  SCATSAT,  as  well  centered 
over  the  drive  point  and  as  "parallel"  or  tangent  to  the  object  as  possible.  On  an  object 
such  as  this  with  its  partially  deployed  booms,  it  is  not  always  possible  to  get  a 
perfectly  centered  and/or  tangent  installation.  A  thin  bare  wire  with  an  empirically 
selected  carbon  composition  damping  resistor  in  it  is  used  to  attach  the  pulser  output  to 
an  attachment  point  on  the  SCATSAT.  The  Anvil  160  pulser  is  battery  powered  and 
triggered  through  a  fiber  optic  line  so  that  the  driver  is  completely  isolated  from 
everything  but  the  test  object.  It  produces  the  fast  rising,  slowly  decaying  pulse  shown 
in  Figure  14(a),  with  a  peak  amplitude  of  M80  V  and  a  full  width  at  half  maximum  of 
50  ns. 

The  equivalent  circuit  of  this  drive  setup  is  a  simple  series  R-L-C  where  R  is  the 
damping  resistor,  L  is  the  inductance  of  the  wire,  and  C  is  the  object- to-coupler  disc 
capacitance.  With  R  =  0  the  circuit  rings  at  a  frequency  determined  by  L  and  C.  The 
resistor  is  chosen  to  be  the  value  which  just  critically  damps  the  oscillatory  current  to 
produce  the  single  pulse  shown  in  Figure  I4(b,.  The  result  is  a  peak  current  of  the  order 
of  800  mA  with  a  FWHM  of  8  ns.  The  optimum  resistor  for  this  drive  configuration  is 
I50fi.  The  drive  current  was  measured  with  a  CT2  current  probe  and  the  30  foot 
semirigid  coax  hardwired  to  the  oscilloscope.  This  current  probe  has  a  bandwidth  of 
10  KHz  to  200  MHz,  with  a  risetime  of  0.5  ns. 

Attachment  points  were  placed  on  the  5CATSAT,  especially  on  flat  surfaces  such 
as  the  solar  array  or  aft  thermal  closeout,  to  facilitate  attachment  of  the  CD1  driver 
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(a)  Top  view 


(b)  Photo 


Figure  12.  Patch  panel  and  approximate  cable  routing 


(a)  AnviJ  160  output  voltage  into  50  H 
50  V/div  vertical,  20  ns/div 
horizontal 


(b)  Critically  damped  current  in  drive 
wire,  0.2  A/div  vertical,  10  ns/div 
horizontal 


Figure  14.  Capacitive  direct  injection  waveforms 


wire  and  to  provide  a  well  defined  injection  point  so  that  both  CDI  and  arcs  were  at  the- 
same  point.  These  consisted  simply  of  a  piece  of  1 -inch-wide  copper  tape,  with  a 
conductive  adhesive,  doubled  for  about  a  half  an  inch  and  with  about  a  one  inch  long  tab 
on  either  side  as  shown  in  Figure  13(a).  These  were  then  securely  taped  to  the 
SCATSAT  at  injection  points  3,  4,  5,  6,  8,  9,  and  10.  Injection  points  1,  2,  and  7  were  to 
the  aluminum  channel  used  to  mount  the  booms  to  the  SCATSAT.  CDI  atachment  and 
arcs  were  both  to  the  corner  of  these  brackets.  Injection  point  11  was  to  a  lug  under 
the  aft  closeout  screw. 

ARC  INJECTION 

The  arc  pulser  was  constructed  basically  as  described  in  Mil  Standard  1541.  A 
schematic  of  our  design  is  shown  in  Figure  15.  The  capacitor  charges  through  the 
lOOKfi  resistor  and  transformer  primary  to  the  600  volt  battery  potential.  The  SCR  is 
then  triggered  by  the  Anvil  160  output  pulse  shown  in  Figure  14(a),  which  rapidly 
discharges  the  capacitor  through  the  transformer  primary  creating  a  high  voltage  on  the 
carbon  electrode.  The  SCR  turns  off  after  the  pulse  because  the  100  Kfi  resistor  limits 
the  anode  current  to  less  than  the  holding  value.  For  the  R  and  C  values  used,  the 
pulser  can  be  triggered  at  a  maximum  rate  of  5  pps  though  we  used  a  rate  of  1  pps.  The 
use  of  battery  power  and  the  Anvil  160  as  a  trigger  results  in  an  isolated  pulser  for  the 
arc  injection  as  well  as  for  the  CDI. 


RT-l  7  <506 


Figure  1 5.  Arc  pulser  schematic  diagram 
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The  transformer  caused  annoying  and  time  consuming  problems.  MMC  used  a 
Modoelectric*  Model  B1  electronic  flash  trigger  transformer  in  their  pulser.  We 
attempted  to  do  the  same,  but  apparently  received  the  wrong  transformer  from  the 
manufacturer  as  our  pulser  refused  to  arc  across  even  the  smallest  gap  with  either  of 
the  two  transformers  we  received.  Because  of  the  press  of  time,  we  substituted  a  high 
voltage  autotransformer  from  a  hand  held  Tesla  coil  used  in  leak  testing  of  vacuum 
systems.  This  device  worked  quite  well  and  would  arc  across  a  gap  of  up  to  about 
15  mm. 

The  arc  current  waveform  was  characterized  by  measuring  the  ground  strap 
current  for  a  number  of  gap  widths,  with  the  results  shown  in  Table  2.  An  example  of  a 
10  mm  waveform  is  shown  in  Figure  16.  The  most  obvious  result  of  this  char¬ 
acterization  is  the  rather  large  variation  in  peak  amplitude  of  the  arc  current  which  is 
unlike  the  extremely  repeatable  CDI  current.  Of  course,  this  is  not  unexpected  since 
arc  formation  depends  on  uncontrollable  factors.  Watching  the  arc  showed  that  it  took 
a  different  path  and  went  to  a  different  point  on  the  end  of  the  ground  strap  nearly 
every  time.  There  was  also  a  noticeable  jitter  between  the  time  of  triggering  the 
pulser  and  when  the  arc  actually  occurred.  Clearly  the  largest  amplitude  and  narrowest 
pulse  occurred  for  the  wider  gap  and  the  10  mm  gap  was  selected  for  use.  The  gap  was 
measured  between  the  pointed  carbon  electrode  and  the  attachment  points  described 
earlier. 

Table  2.  Arc  Characteristics  vs  Gap  Width 


Gap 

(mrr,) 

Average  Peak 
(Amps') 

FWHM 

(ns) 

Number 
of  Pulses 

3 

U. 5  ±  0.5* 

Very  \n ide 

2 

6-7 

9.6  ±3.5 

1?  +Ij 

7 

10 

19±  6 

12  ±2 

6 

12 

23  ±  2* 

3 

.Small  deviation  because  of  smaller  sample  size 


INJECTOR  CONNECTIONS 

The  capacitive  or  arc  injectors  were  attached  to  the  SCATSAT  as  described  above 
and  at  the  exact  locations  shown  in  Table  3.  The  single  wire  of  the  CDI  pulser  was 
conductively  connected  to  the  attachment  point.  The  electrode  of  the  arc  pulser  was 

Modelectric  Products  Corp.,  Cindy  Lane  (Wayside),  Asbury  Park,  New  Jersey  07712 
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placed  1  cm  away  from  the  attachment  point  and  the  ground  strap  connected  at  the 
point  indicated.  The  gap  tolerance  was  of  the  order  of  a  mm,  always  on  the  high  side. 
The  point  of  the  electrode  sometimes  had  to  be  placed  off  to  the  side  of  the  attachment 
point  to  be  sure  that  the  arc  occurred  to  that  point  rather  than  to  something  else,  e.g., 
the  boom  rather  than  the  mounting  bracket.  Verification  of  arc  to  the  proper  point  was 
made  by  watching  the  arc  for  a  time  as  the  pulser  ran  at  a  1  pps  rate. 


P78-2  Arc  Point 

7 

8 
9 

3 

5 
11 

10 

6 
1 
2 

4 


Table  3.  Pulser  Attachment  Points 


_ SCA TSAT  Pul ser  Attachment  Points _ 

Arc  Ground  Arc  HV  &  CD!  «  ire 


Belly  band  on  bay  7 
Belly  band  on  bay  7 
Belly  band  on  bay  7 
Aft  closeout  ring  (225°) 

Aft  closeout  ring  (120°) 

Aft  closeout  ring  (120°) 

Aft  closeout  ring  (120°) 

Aft  closeout  ring  (330°) 

Belly  band  on  bay  3 

Top  closeout  ring  above  boom 

Aft  closeout  ring  near  end  of  boom 


Base  of  SC  1  boom 

Array  above  SC  1- 1 

Array  left  of  SC  1-1 

Array  4”  above  and  right  of  SC  10- 3 

Base  of  aft  omni  antenna 

Just  outside  of  conductive  ring  around 
SC7-3  aperture 

Closeout  screw  on  SC 7- 3 

Aft  closeout  at  -330* 

Base  of  SC  2-  2  boom 

Base  of  SC  1-4  boom 

Thermal  blanket  wrap  or  ^C4.]  at  end  of 
boom 


DATA  TAKING 

The  data  taking  began  with  capacitive  direct  injection  only  since  the  arc  pulser 
was  not  yet  available.  The  first  six  injection  points,  7,  8,  9,  5,  3,  and  4  in  that  order, 
were  taken  with  both  the  hardwired  and  isolated  techniques.  Photos  were  taken  at 
several  sweep  speeds  to  show  both  early  high  frequency  content  and  late  time  behavior. 
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The  HDL  links,  while  more  convenient  to  use  than  other  isolated  data  links,  still 
require  careful  nurturing  and  special  attention  to  calibration.  Prior  to  any  data  taking 
the  links  were  calibrated  against  external  as  well  as  internal  calibration  sources  as 
follows.  A  50  MHz  sinusoidal  waveform  was  fed  into  the  link  while  monitoring  the 
output.  The  input  was  adjusted  in  amplitude  until  the  output  started  to  be  slightly  non¬ 
linear;  the  input  and  output  levels  were  then  recorded.  This  determined  the  maximum 
input/output  signal  ranges,  which  were  not  exceeded  during  data  taking,  and  the  system 
gains.  The  avalanche  diode  current  was  recorded  and  this  same  current  maintained  as 
close  as  possible  in  subsequent  data  taking  since  system  gain  is  sensitive  to  this  current. 
Then  the  output  amplitude  and  waveform  for  the  internal  transmitter  calibrator  were 
recorded.  This  latter  signal  was  the  calibration  routinely  used  during  the  data  taking. 
Calibration  of  the  internal  input  attenuator  system  was  assumed  correct.  A  recheck  of 
the  external  calibration  was  made  after  all  isolated  data  taking  was  completed. 

The  results  of  the  calibrations  are  shown  in  Table  4.  The  gain  of  channel  5  was 
checked  twice  initially  because  it  seemed  too  high  and  was  in  such  poor  agreement  with 
the  internal  calibration  (a  factor  of  more  than  5  off).  After  the  tests  were  completed, 
another  calibration  was  made  with  similar  results  for  the  external  input.  But  at  this 
time,  a  private  communication  with  another  user  of  the  links  revealed  that  the  internal 
calibrators  of  both  units  had  been  set  to  new  values.  Using  these,  the  post  test  internal 
calibrations  are  in  substantially  better  agreement  with  all  of  the  externa]  calibrations 
as  shown  in  the  table. 


Table  4.  Results  of  FODL  Calibration 


When 

Channel 

External 

Input 

Internal 

Calibrator 

Pretest 

5 

24 

4.8* 

After  CD1  7 

5 

25 

— 

Post  test 

5 

28 

36** 

Pretest 

15 

9.8 

5.4* 

Post  test 

15 

9.2 

12** 

*Based  on  calibration  signals  recorded  in  transmitters  by  HDL 

**Based  on  calibration  signals  reported  by  Dave  Fromme. 
Mission  Research  Corporation,  San  Diego. 


Data  taking  on  the  first  six  capacitive  injections  proceeded  slowly  even  though 
the  data  links  were  quite  well  behaved.  At  the  end  of  these  first  six  tests  the  hardwire 
and  isolated  data  were  compared  for  peak  amplitudes,  frequency  content,  and  general 
waveshape  agreement.  The  agreement  was  quite  good  in  all  respects,  with  the  major 
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difference  being  some  slight  loss  of  high  frequency  content  in  the  isolated  data.  The 
hardwire  data  was  of  far  superior  quality  as  the  result  of  much  better  signal  to  noise 
ratio.  This  combined  with  the  apparent  lack  of  effect  of  the  hardwire  on  the 
measurement  waveforms  and  the  great  time  savings  afforded  by  not  using  the  data  links 
resulted  in  a  decision  to  discontinue  their  use  for  all  subsequent  measurements.  The 
last  five  capacitive  injections  were  then  completed. 

Before  and  after  each  of  the  injection  set  ups,  i.e.  at  each  of  the  eleven  points, 
the  drive  current  waveform  was  recorded  on  film.  As  already  mentioned,  this  was  quite 
repeatable  and  well  behaved.  The  only  difficulty  occurred  at  drive  point  4.  Here, 
rather  than  driving  to  a  simple  body  as  is  the  case  elsewhere,  we  are  driving  the  end  of 
a  boom  which,  though  folded  against  the  body,  is  not  in  direct  contact  with  it  except 
through  the  inductance  of  104  inches  of  cable.  This  alters  the  drive  circuit 
considerably.  Several  damping  resistors  were  tried  in  an  attempt  to  obtain  a  cleaner 
waveform  without  great  success.  The  best  compromise  was  a  510ft  resistor  which 
produced  the  waveform  shown  in  Figure  17. 


Figure  17.  CDI  current  waveform  at  point  4  only,  100  mA/div  vertical, 

20  ns/div  horizontal 

Also  before  and  after  each  set  of  isolated  measurements,  internal  fiber  optic 
calibrations  were  taken  to  check  system  gain  and  battery  condition.  The  batteries 
performed  well.  Only  once  was  a  low  battery  discovered  and  this  was  before  the  test  so 
that  no  data  were  lost. 

The  arc  injections  were  started  immediately  after  the  capacitive  injection  were 
completed.  The  procedure  used  was  somewhat  different  in  that  basically  single  pulse 
operation  was  used  rather  than  the  1000  pps  repetition  rate  of  CDI  and  several  shots 
had  to  be  taken  at  each  point  to  bound  the  variation  in  amplitude  as  the  arc  amplitude 
varied.  To  avoid  recording  of  anomously  low  responses  which  sometimes  occurred,  a 
technique  was  adopted  of  watching  a  number  of  responses  to  get  a  feel  for  what  it 
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should  be,  then  photographing  a  response  and  rejecting  it  if  it  was  not  representative  of 
the  average  of  a  number  of  observations.  At  least  three  responses  were  photographed 
for  each  measurement  except  for  the  PCU  Ground  and  Upper  Array  responses  which 
were  generally  quite  stable  even  with  arc  variation. 

The  effect  of  the  ground  point  location  on  measured  responses  was  tested  by 
varying  the  ground  attachment  point  to  the  SCATSAT  for  the  first  two  arc  points,  8  and 
2.  The  attachment  points  were  to  either  the  belly  band  closeout  screws  on  a  rib  or  to 
the  top  thermal  closeout.  The  average  variation  was  less  than  a  factor  of  1.5  with  a 
maximum  of  about  3. 

The  data  are  presented  and  discussed  in  detail  in  the  next  section. 
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3.  RESULTS 

The  results  of  the  SCATSAT  experimental  effort,  the  available  results  from  P78-2 
injections,  and  calculations  based  on  these  data  sets  are  presented  in  this  section. 

P78-2  RESULTS 

During  the  arc  injection  tests  conducted  on  the  P78-2  spacecraft  as  a  part  of 
EMI/EMC  testing,  the  Transient  Pulse  Monitor  (TPM)  and  the  SC1-8B  Pulse  Analysis 
experiments  recorded  signals  induced  by  the  arcs  at  the  five  points  listed  in  Table  1. 
The  results  of  these  tests  were  summarized  in  References  4  and  5.  In  order  to  use  these 
data  to  make  meaningful  comparisons  to  the  SCATSAT  results,  all  of  the  results  must 
be  normalized  to  the  same  level.  We  will  use  I  ampere  as  the  normalized  drive  pulse. 
This  is  valid  because  we  are  comparing  electrical  excitations  which  are  expected  to 
scale  linearly  with  source  amplitude  for  pulses  of  the  same  shape.  The  arc  injection 
signal  used  by  Martin  Marietta  was  described  partially  in  Reference  8.  This  paper  gave 
the  energy  and  time  history  of  the  pulse.  Two  different  methods  were  used  to  calculate 
the  corresponding  peak  current  amplitude,  yielding  30  and  30  amperes.  W  e  have 
therefore  used  the  average  of  40  amperes  for  normalizing  the  data  and  expect  an 
uncertainty  of  no  more  than  25  percent. 

The  P78-2  Array  and  Ground  data  required  some  additional  manipulation  to  be 
consistent  with  the  SCATSAT  data.  First  of  all,  the  P78-2  array  measurement  recorded 
current  on  one  of  two  parallel  wires  and  the  P78-2  ground  recorded  data  on  one  of 
seven  parallel  wires.  The  corresponding  measurement  in  SCATSAT  were  each  on  single 
wire  simulating  the  P78-2  configuration.  Therefore,  the  SCATSAT  results  measure  t he 
total  current  at  these  points,  not  one-half  or  one  seventh  as  in  the  P7S-2.  The  P78-2 
results  have  been  multiplied  by  two  for  array  and  seven  for  ground  to  be  consistent  with 
SCATSAT.  Secondly,  the  transfer  impedance  of  the  current  probes  used  in  SCATSAT 
are  four  ohms  and  so  the  P78-2  data,  which  are  in  mA,  have  been  multiplied  by  four  to 
give  the  results  in  mV  consistent  with  SCATSAT  data. 

The  normalized  positive  and  negative  peak  amplitudes  of  the  four  measurement 
points  monitored  by  the  TPM  are  tabulated  in  Table  5.  Peak  amplitude  data  only  are 
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available  for  these  measurements  and  not  all  injection  points  yielded  data.  The  data  for 
the  SC1-8B  cable  antenna  are  shown  in  Table  6.  This  experiment  had  a  threshold  of 
1.27  volts  (32  mV  normalized),  which  when  exceeded,  initiated  logarithmically  spaced 
time  samples  starting  with  the  threshold  point  as  zero  time.  Additional  samples  were 
then  taken  at  7  ,  37  ,  97,  and  217  ns.  The  threshold  value  was  the  greatest  positive  value 
recorded  in  all  cases  so  this  measurement  shows  absolutely  no  variation  with  arc 
injection  point.  In  five  of  these  there  were  no  data  after  the  threshold  value  while  four 
had  smaller  positive  and/or  negative  values  later  on. 


Table  5.  P78-2  Response  Data* 


Measurement  Point  and  Response  Amplitude  (mV) 

Point 

PCU  Ground 

Upper 

Array 

Hi  Z 

Lo  Z 

♦ 

- 

♦ 

- 

♦ 

- 

* 

- 

I 

— 

— 

2.4 

2.0 

— 

_ 

— 

— 

2 

— 

— — 

— 

— 

— 

- - 

3.1 

2.6 

3 

72 

66 

6.8 

8.2 

— 

— 

2.7 

3.2 

4 

— 

— 

2.4 

3.4 

— 

_ 

3.1 

5.8 

5 

64 

80 

5.4 

6.7 

0.20 

— 

7.9 

6.5 

6 

64 

97 

6.6 

8.6 

0.20 

— 

7.3 

5.6 

7 

— 

- - 

2.6 

3.8 

0.32 

0.24 

9.2 

6.1 

8 

66 

100 

5.0 

8.6 

0.68 

0.60 

20. C 

25. C 

9 

100 

160 

7.0 

9.3 

0.42 

0.31 

14.0 

15.0 

10 

83 

135 

5.6 

9.6 

0.37 

0.35 

12.0 

8.8 

11 

♦ 

Normalized  to 

86  4.8  6.6 

1A  peak  drive  current 

9.5 

8.*’ 

Table  6.  P78-2  SC1-8B  Cable  Responses* 


Amplitude,  mV 
@  Time,  ns 


Arc 

Location 

0 

7 

37 

97 

217 

1 

SC  2-2  Base 

0 

0 

0 

0 

C 

2 

SC1-U  Base 

32 

0 

0 

o 

c 

3 

Near  SC  10- 3  Exit  Hole 

0 

0 

c 

c 

r 

4 

SC  1 1  Thermal  Blanket 

32 

0 

c 

0 

r 

5 

Base  of  Aft  Omni  Antenna 

32 

0 

c 

c 

c 

6 

Structure  Ad)  to  SC2-4 
Aperature 

32 

G 

0 

c 

G 

7 

Base  of  SC 6-1  Boom 

32 

c 

0 

c 

0 

8 

Solar  Arrav  Near  SC  1-1  RB 
Cover 

32 

*2  2 

-22 

-50 

-2? 

9 

Solar  Arrav  Near  SCI-1  RB 
Cover 

32 

♦  22 

-22 

-22 

r 

10 

Nearest  Point  to  Conductive 
Rin*  (SC7) 

32 

r 

-22 

r, 

r 

n 

SC. 7  Alt  Closure  Sere* 

Closet  to  SC 7  Aperture 

32 

c 

-22 

G 

r 

Normalized  to  1A  peak  drive  current 
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SCATSAT  RESULTS 

The  SCATSAT  results  were  recorded  as  time  histories  on  oscilloscope  photos. 
About  six  hundred  photos  were  taken  and  it  is  not  particularly  useful  to  present  all  of 
them  here.  Instead,  we  will  present  sample  data  sets,  tabulations  of  frequency  content, 
and  plots  of  the  peak  amplitudes. 

As  examples,  Figures  18  through  25  present  complete  sets  of  data  photos  for  CDI 
and  arc  injection  at  four  points:  on  the  the  solar  array,  on  the  central  structure  near 
the  belly  band,  the  aft  end  of  the  SCATSAT,  and  at  the  end  of  the  undeployed  SCI  1-1 
boom.  These  photos  are  for  the  hardwired  configuration  with  only  one  exception  and 
are  not  normalized.  Only  one  sweep  speed  is  shown  except  for  the  upper  array  or  PCU 
ground  where  two  sweep  speeds  are  sometimes  required  to  show  the  whole  waveform 
with  sufficient  detail. 

A  few  specific  comments  are  in  order  about  some  of  the  photos  or  sets. 

The  data  for  injection  point  9  are  for  injection  at  the  same  area  but  to  different 
points.  The  CDI  data  are  for  injection  directly  to  the  conductive  strips  which  represent 
the  solar  cells.  The  arc  data  are  for  an  arc  to  the  conductive  strip  around  the  edge  of 
the  SCi-1  cutout  in  the  solar  array  substrate.  This  is  shown  in  Figure  26.  None  of  the 
arcs  were  directly  to  SC  1-1  however. 

Array  data  has  been  shown  at  two  sweep  speeds  in  Figure  21  to  show  the  early 
time  high  frequency  which  is  representative  of  that  on  both  the  array  and  PCU  ground 
measurements.  The  same  is  true  in  Figure  23  where  two  sweep  speeds  are  shown  for 
PCU  ground  data. 

In  Figure  24,  the  slower  sweep  speed  data  for  PCU  ground  and  array  show  a 
second  excitation  beginning  about  3  psec  after  the  initial  excitation.  This  is  a 
peculiarity  of  the  particular  Anvil  160  pulser  used.  It  tends  to  trigger,  not  always,  but 
frequently,  on  the  trailing  as  well  as  the  leading  edge  of  the  3  psec  wide  laser  trigger 
pulse.  This  doesn't  show  up  in  the  other  CDI  results  because  the  smaller  damping 
resistor  allows  the  energy  storage  capacitor  in  the  Anvil  160  to  discharge  sufficiently 
that  the  output  switch  will  not  turn  on.  At  CDI  4,  the  damping  resistor  is  much  larger 
resulting  in  less  than  full  discharge  of  the  capacitor  and  the  resultant  second  output. 

Figure  27  shows  a  set  of  data  for  isolated  response  measurements  at  point  4  for 
CDI.  Five  additional  sets  of  CDI  data  were  taken  with  the  isolated  instrumentation 
setup  but  are  not  presented  except  in  tabular  form  later  on.  Amplitudes,  frequency 
content,  and  general  waveform  agreement  for  all  six  data  sets  have  been  compared  with 
the  conclusion  that  there  are  no  significant  differences.  This  is  not  surprising  since  the 
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Position:  Ground 
Vertical:  50  mV/div 
Horizontal:  1  n  s/div 


Position:  Array 
Vertical:  100  mV/div 
Horizontal:  1  jis/div 


Position:  4R 
Vertical:  1  mV/div 
Horizontal:  100  ns/div 


Position:  3B 
Vertical:  5  mV/div 
Horizontal:  200  ns/div 


Position:  Hi  Z 
Vertical:  0.5  mV/div 
Horizontal:  50  ns/div 


Position:  Lo  Z 
Vertical:  1  mV/div 
Horizontal:  100  ns/div 


Position:  Cable* 
Vertical:  8  mV/div 
Horizontal:  50  ns/div 


* 

Isolated 

Figure  18.  CD1  response  waveforms  for  injection  at  point  9  on  solar  array 


c 


Position:  Ground 
Vertical:  100  mV/div 
Horizontal:  l  s/div 


Position:  Array 
Vertical:  50  mV/div 
Horizontal:  1  Ms/div 


Position: 

Vertical:  10  mV/div 
Horizontal:  50  ns/div 


Position:  3B 
Vertical:  100  mV/div 
Horizontal:  50  ns/div 


Position:  Hi  2 
Vertical:  0.5  mV/div 
Horizontal:  50  ns/div 


Position:  Lo  Z 
Vertical:  50  mV/div 
Horizontal:  50  ns/div 


Position:  Cable 
Vertical:  200  mV/div 
Horizontal:  50  ns/div 


Figure  19.  Arc  injection  response  waveforms  for  injection  at  point  9 

to  the  solar  array  substrate 
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Position:  Ground 
Vertical:  5  mV/div 
Horizontal:  1  ns/div 


Position:  Array 
Vertical:  2.5  mV/div 
Horizontal:  1  jus/div 


Position: 

Vertical:  1  mV/div 
Horizontal:  100  ns/di 


1 
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Position:  3B 
Vertical:  2.5  mV/div 
Horizontal:  100  ns/div 


Position:  Hi  Z 
Vertical:  0.5  mV/div 
Horizontal:  50  ns/div 


Position:  Lo  Z 
Vertical:  1  mV/div 
Horizontal:  1 00  ns/div 


Position:  Cable 
Vertical:  1  mV/div 
Horizontal:  50  ns/div 


Figure  20.  CDI  response  waveforms  for  injection  at  point  2  on  central  structure 


Position:  Ground  Position:  Array  Position:  Array  (Again) 

Vertical:  50  mV/div  Vertical:  20  mV/div  Vertical:  10  mV/div 

Horizontal:  0.5  /Lis/div  Horizontal:  0.5  Ms/div  Horizontal:  50  ns/div 


Position:  4B  Position:  3B  Position:  Hi  Z 

Vertical:  10  mV/div  Vertical:  20  mV/div  Vertical:  0.5  mV/div 

Horizontal:  50  ns/div  Horizontal:  50  ns/div  Horizontal:  50  ns/div 


Position:  Lo  Z 
Vertical:  20  mV/div 
Horizontal:  50  ns/div 


Position:  Cable 
Vertical:  100  mV/div 
Horizontal:  50  ns/div 


Figure  21.  Arc  injection  response  waveforms  for  injection  at  point  2 

on  central  structure 


Position:  Ground 
Vertical:  2.5  mV/div 
Horizontal:  0.5  /us/di v 


Position:  Array 
Vertical:  2.5  mV/div 
Horizontal:  0.5  /us/ di v 


Position:  4B 
Vertical:  0.5  mV/div 
Horizontal:  50  ns/div 


Position:  3B  Position:  Hi  Z 

Vertical:  2.5  mV/div  Vertical:  0.5  mV/div 

Horizontal:  100  ns/div  Horizontal:  20  ns/div 


Position:  Lo  Z  Position:  Cable 

Vertical:  2.5  mV/div  Vertical:  10  mV/div 

Horizontal:  20  ns/div  Horizontal:  50  ns/div 


Figure  22.  CDI  response  waveforms  for  injection  at  point  I  i  on  aft  end 
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Position:  Ground 
Vertical:  20  mV/div 
Horizontal:  0.5  ps/div 


Position:  Ground  (Again) 
Vertical:  20  mV/div 
Horizontal:  50  ns/div 


Position:  Array 
Vertical:  20  mV/div 
Horizontal:  50  ns/div 


Position:  4B 
Vertical:  10  mV/div 
Horizontal:  50  ns/div 


Position:  3B 
Vertical:  100  mV/div 
Horizontal:  100  ns/div 


Position:  Hi  Z 
Vertical:  0.5  mV/div 
Horizontal:  50  ns/div 


Position:  Lo  Z 
Vertical:  20  mV/div 
Horizontal:  50  ns/div 


Position:  Cable 
Vertical:  200  mV/div 
Horizontal:  50  ns/div 


Figure  23.  Arc  injection  response  waveforms  for  injection  at  point  1 1 

on  aft  end 
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Position:  Ground 
Vertical:  2.5  mV/div 
Horizontal:  0.5;us/div 


Position:  4B 
Vertical:  1  mV/div 
Horizontal:  100  ns/div 
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Position:  Array 
Vertical:  1  mV/div 
Horizontal:  100  ns/div 


Position:  3B 
Vertical:  1  mV/div 
Horizontal:  100  ns/div 


Position:  Array  (Again) 
Vertical:  1  mV/div 
Horizontal:  0.5  ps/div 


mr\ 

‘  0*4  j 

i  ;  f 

;  I 

[.  j  j 

j  2  | 

Position:  Hi  Z 
Vertical:  0.5  mV/sec 
Horizontal:  50  ns/div 


Position:  Lo  Z 
Vertical:  2.5  mV/div 
Horizontal:  50  ns/div 


Position:  Cable 
Vertical:  5  mV/div 
Horizontal:  50  ns/div 


Figure  24.  CDI  response  waveforms  for  injection  at  point  4 

on  end  of  SC  1 1  - 1  boom 


Position:  Ground 
Vertical:  50  mV/div 
Horizontal:  0.2  ps/div 


Position:  Array 
Vertical:  50  mV/div 
Horizontal:  100  ns/div 


Position:  Array  (Again) 
Vertical:  50  mV/div 
Horizontal:  0.5  /js/div 


Position:  ftB 
Vertical:  10  mV/div 
Horizontal:  50  ns/div 


Position:  3B 
Vertical:  50  mV/div 
Horizontal:  100  ns/div 


Position:  Hi  Z 
Vertical:  0.5  mV/div 
Horizontal:  50  ns/div 


Position:  Lo  Z 
Vertical:  10  mV/div 
Horizontal:  50  ns/div 


Position:  Cable 
Vertical:  100  mV/div 
Horizontal:  50  ns/div 


Figure  25.  Arc  injection  response  waveforms  for  injection  at  point  ft 

on  end  of  SC1I-1  boom 


effect  of  the  hardwire  is  to  disturb  external  surface  currents  in  the  vicinity  of  the  wire 
attachment  point.  The  internal  measurements  will  not  be  affected  unless  the  dominant 
point  of  entry  is  in  the  vicinity  of  the  disturbed  currents,  i.e.,  near  the  attachment 
point,  and  then  only  if  the  disturbance  is  large.  For  six  of  the  seven  measurements,  the 
attachment  point  was  not  closer  than  50  cm  from  the  nearest  injection  point.  For  the 
seventh,  the  attachment  point  was  20  cm  from  three  injection  points  but  at  least  50  cm 
from  the  other  eight.  The  current  flowing  on  the  hardwire  was  measured  and  had  a 
peak  of  100  mA  with  a  rise  time  of  25  ns.  Thus,  at  the  closest  injection  point,  the  rate 
of  change  of  surface  current  is  of  the  order  of 

5  =  - - 5 -  =  0.32  A/m-s 

2k(0.2  m)  25  x  10"9  sec 

External  surface  current  measurements  for  CDI  range  from  two  to  three  orders  of 
magnitude  greater  than  this  (Ref.  7)  and  so  it  is  reasonable  that  the  effect  of  the 
hardwire  is  negligible.  Comparison  of  Figures  24  and  27  also  show  good  agreement  and 
the  superior  quality  of  the  hardwired  data. 


Figure  26.  Detail  of  injection  point  9 

There  is  another  important  consideration  on  use  of  a  hardwired  data  taking 
scheme.  In  addition  to  disturbance  of  the  object  surface  currents,  leakage  of  signals 
through  the  hardwire  cable  itself  must  be  considered.  Vt  e  used  a  semirigid  cable,  i.e., 
solid  outer  shield,  with  SMA  connectors  to  minimize  leakage  at  the  cable  ends.  The 
importance  of  low  leakage  can  be  shown  by  a  simple  calculation  and  an  example.  If  the 
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Position:  Ground 
Vertical:  6.6  mV/div 
Horizontal:  1  n  s/div 


Position:  Array 
Vertical:  3.3  mV/div 
Horizontal:  200  ns/div 


Position:  Array  (Again) 
Vertical:  3.3  mV/div 
Horizontal:  1  /^s/div 


Position:  4B 
Vertical:  0.83  mV/div 
Horizontal:  100  ns/div 


Position:  3B 
Vertical:  1.66  mV/div 
Horizontal:  100  ns/div 


Position:  Hi  Z 
Vertical:  0.83  mV/div 
Horizontal:  50  ns/div 


Position:  Lo  Z  Position:  Cable 

Vertical:  3.3  mV/div  Vertical:  4  mV/div 

Horizontal:  50  ns/div  Horizontal:  50  ns/div 


Figure  27.  Isolated  CD!  response  waveforms  for  injection  at  point  4 
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cable  were  braided  RG-58/u  rather  than  semirigid  coax,  the  signal  on  the  center  wire 
due  to  leakage  of  the  shield  current  would  be 


=  Zy(fl/m  @  f)  x  1$  @  f  x  L  (m) 

=  (0.04R*/ m  @  4  MHz)  (0.1  A  @  4  MHz**)  (9  m) 


=  36  mV  . 


The  signals  of  interest  are  generally  in  the  range  0.1  to  10  mV  with  only  a  couple  going 
to  10's  of  mV.  Thus,  leakage  signals  due  to  current  on  the  instrumentation  wire  shield 
would  mask  the  signals  of  interest  if  an  RG  58/u  were  used.  Leakage  at  connectors  can 
further  add  to  leakage  signals.  During  this  experiment,  even  using  semirigid  coax,  we 
experienced  intermittent  leakage  through  a  faulty  SMA  connector  at  the  screen  room 
end  of  the  semirigid  coax  and  had  to  ground  the  shield  ahead  of  the  connector  to  reduce 
current  flow  across  the  connector  and  then  wrap  it  to  further  reduce  leakage.  These 
techniques  reduced  the  leakage  to  negligible  levels,  but  point  out  graphically  the  need 
for  a  low  leakage  hardwire  scheme. 

The  frequencies  appearing  in  each  measurement  have  been  determined  by  visual 
examination  of  the  photographs.  They  are  tabulated  in  Table  7.  Ways  to  reduce  this 
massive  table  were  examined,  but  in  general  there  is  not  enough  commanality  of 
frequencies  to  justify  a  summary.  And  it  is  likely  that  differences  for  a  given 
measurement  point  as  the  drive  location  is  varied  are  the  result  of  different  points  of 
entry  being  excited  and  so  the  differences  are  of  importance.  Both  hardwired  and 
isolated  data  are  presented  for  six  of  the  CDI  drive  points  for  comparison.  More  will  be 
said  about  the  frequencies  in  the  comparisons  to  be  made  in  the  next  section. 

The  normalized  peak  amplitudes  of  SC  ATS  AT  responses  are  presented  in 
Figures  28  through  38  along  with  the  normalized  P78-2  data.  The  data  are  plotted  so 
that  all  the  responses  for  a  given  injection  point  are  presented  together  to  facilitate 
comparisons.  Some  comments  are  in  order  about  the  normalization  procedure  before 
the  results  are  discussed  in  the  next  section. 

__  —  ~~~~ ~~~ 

Ref.  9  and  others. 

The  measured  ringing  frequency  and  current  on  the  cable. 


44 


D 


Table  7.  Frequencies  in  MHz  Observed  in  SCATSAT  Measurements 


Measurement 

Point 

Hardwire  CD!  1 

Hardwire  CDI  2 

Hardwire  CDI  7 

Isolated  CDI  7 

PCU  Gnd 

Tiny  "50  and  "200  early, 
0.71  dominant 

Early  2.5  to  5  on  0.71 
dominant 

Small  50  on  5  on  0.79 
late 

Small  50  early,  0.9- 
0.77  late 

Upper  Array 

50  and  higher  early,  "5 
mid,  0.71  late  and  domi- 

Tiny  50  on  larger  5  on 
dominant  0.71 

Larger  49  early  with 

5.6  then  0.79  late 

Larger  50  earlv,  0.79 
late  and  dominant 

4B  Load 

11  dominant,  large  50 
early 

Early  50  on  13 

"60  and  130  early, 

29  late 

120  early,  30-40  late 

3B  Load 

50  dominant  early,  40 
late 

44  dominant  mixed  with 
L.F. 

50  early,  29  late 

46  early,  30  late 

Hi  Z 

67  dominant 

69  dominant 

1 30  early,  27  late 

130  early,  27  late 

Lo  Z 

46  dominant 

50  dominant 

40-50  and  130  early, 

29  late 

80  early,  28  late 

Cable 

50  early,  40  late 

50  dominant 

Small  170  early,  45 
dominant 

Small  1 50-200  early 

45  dominant 

Measurement 

Point 

Hardwire  CDI  3 

Isolated  CDI  3 

Hardwire  CDI  S 

Isolated  CDI  8 

PCU  Gnd 

Early  1 5,  then  6.4  on 

M.3  late 

Early  15,  then  6.7,  1.3 

1.3  late 

Very  small  67  early, 

One  cycle  of  4.2 

0.77  late,  dominant 

Very  small  67  early 

Some  5  MHz,  then  0.79 
late,  dominant 

Upper  Array 

Feu  cycles  17  on  1.3 

Few  cycles  16,  1.2  later 

Small  67  early,  One 
cycle  1H  1.5  ms  ol 

5,  0.77  late,  dominant 

Small  56  early,  One 
cycle  14  1.5  ps  of  5 

0.75  late,  dominant 

4B  Load 

Early  130,  47-44  domi¬ 
nant,  small  9.5 

Earlv  130,  then  27  on 

9.2 

170  early,  ~50  domi¬ 
nant 

140  early,  47  dominant 
small  5  late 

3B  Load 

Early  -200,  then  40-50, 
small  6.3  late 

Small  130,  then  40-45 
on  "7 

Very  small  140  early 
"50  burst,  5  late 

Negligible  140,  45-48 
burst,  5  late 

Hi  Z 

130-140,  small  25  late 

Not  discernible 

150 

mo 

Lo  Z 

146  dominant  on  small 

40 

140  on  small  "40 

180-200  early.  Complex 
burst  of  40-50,  small  5 

Small  140  early  45-48 
burst  small  5  late 

Cable 

150  early,  42-44  domi¬ 
nant 

~200  early,  then  43-44 

Not  Measured 

Small  200  early  50 
burst,  42  later 

Measurement 

Point 

Hardwire  CDI  (9  9 

Isolated  CDI  (9  9 

Hardwire  CDI  (9  5 

Isolated  CDI  (9  5 

PCU  Gnd 

Tiny  70,  5.9  for  "1  ns. 
0.79  late 

Tiny  90  early,  5  for 
"I  ps,  0.71  late 

Tiny  200  early,  45  on 
little  bit  of  4.5  then 

0.7  later 

Tiny  45,  1-2  cycles 

1.6,  0.67  later 

Upper  Array 

5.3  early  on  0.75  later 

Tiny  60  early,  4.8  for 
"1.5  ps,  0.71  late 

Small  200  early,  47  on 
1.2,  then  0.7 1 

46  early 

0.71  later 

4B  Load 

44  in  a  burst,  then  29 
on  small  5 

Early  170,  50  in  a  burst, 
then  on  late  4,5 

Early  170,  then  "50 
changing  to  29.  Small 

2 

-1001 

3B  Load 

47  burst,  small  29 
on  larger  5 

Small  170  early,  burst 
of  48,  later  4.5 

47  burst,  29  late 

Tiny  150,  44  burst, 

29  later 

H.  Z 

M70 

"160 

"250 

Indistinguishable 

Lo  Z 

Early  170.  then  77  on 

5  on  small  0.7 

Small  140  early,  50  in 
burst,  small  8  late 

Earlv  VHF,  burst  of 

70,  29  later 

200  early,  burst  of 

74,  small  29  late 

(  able 

Not  Measured 

Eariv  220,  45  m  burst, 

42  later 

140  early 

42  later 

160  early 

44  later 

45 


Table  7.  Frequencies  in  MHz  Observed  in  5CATSAT  Measurements  (continued) 


Measurement 


Point 

PCI  one! 

Hardwire  OOl  6 

Small  6G-7G  earlv,  1.8 
changing  to 

Hardwire  CDl  10 

Small  43  earlv,  then  4 
changing  to  “l 

Hardwire  CDl  I  1 

Earlv  44  small,  then 

1.8  to  -1  late 

( 'pper  Arrav 

Earlv  SO  and  Higher 

Freq  dominant,  ~0.'' 
later 

Dominant  47  with  “160 
♦  arly,  “1.1  late 

Earlv  44-50  dominant 
v  -th  sonic  --20 0,  “  1 

late 

4h  Load 

200,  5G ,-lQ 

12  dominant  with  early 

HF 

1 !  dominant,  some  earlv 

50  and  20r. 

3B  load 

SO  earlv,  44  later  w.th 
-200 

—4  5  early,  28  late 

43  earlv.  2?  late 

Hi  Z 

Mostly  - 300 

400- S 00  earlv,  — ) tO 
later 

140  late,  !  00's  earlv 

Lo  Z 

42  late,  but  100's  earlv, 
verv  complex 

45  dominant  with  100's 
earlv 

42  late,  100's  earlv 

Cable 

50  earlv,  42  late,  some 
H.F. 

43  dominant  with  earlv 
higher  freq 

4  3  dominant,  some 
early  200 

Measurement 

Point 

Hard*  ire  COI  4 

Isolated  CDI  4 

PCI  Gnd 

Small  -70  early  0.73 
dominant 

T iny  200,  some  25, 
larger  4  to  “1,5  jjs, 

“!  MH;  dominant 

Upper  Arras 

Small  160  early,  2S  for 
"'•0.4  ns,  0.7C  dominant 

J70  earlv  on  large  25, 
then  G.S3  late.  (LF  un¬ 
stable! 

40  Load 

22  dominant  with  250 
unit,  small  100  late 

180  early  on  M7  lor  2 
cycles,  12  late 

3B  Load 

1  cycle  ~20,  then  50 
dominant 

Small  200  early,  50 
dominant 

Hi  Z 

150 

170 

Lo  Z 

74  dominant 

150  dominant  mixed  with 
“8C 

Cable 

150  and  53 

170-200  with  50 

Measurement 

Point 

Hardwire  Arc  ! 

Hardwire  Arc  2 

Hardwire  Arc  7 

PCI:  Gnd 

Small  44  earlv,  some 

6.7. -1  late 

Tiny  50  early,  1.3  late 

Earlv  43  dominant, 

1. 3-1.4  late 

U  pper  Arrav 

50  dominant  on  late 

L.F. 

Early  40,  0.7  and  1.4 
mixed  late 

43  early,  then  39,  small 

L.F.  late 

4B  Load 

47- SC 

34-38 

44 

3B  Load 

47 

33-35 

42 

Hi  Z 

55  and  H.F. 

50  earlv,  25  late  H.F. 
on  all 

25 

Lo  Z 

47 

38 

40-50  earlv,  27  late 

Cable 

48 

40 

41-44 

Measurement 

Point 

Hardwire  Arc  3 

Hardwire  Arc  8 

Hardwire  Arc  9  (S' 

PCI :  Gnd 

-l 

0.83 

Small  40,  0.71  dominant 

Upper  Arrav 

1.1 

0.63 

44  earlv ,  0.67  late 

48  earlv,  40  late 


46 


4B  Load 


44 


40-44 


Table  7.  Frequencies  in  MHz  Observed  in  SCATSAT  Measurements  (continued) 


Mea  sure*  nient 
Pom! 

Hardvure  Ar<  T 

Hardwire  Arr  ? 

Har<1w  ,rV  Arr  s  IM 

TP  Load 

Car  In  S*’  or-  rlow!r«3n*  2C 

4f>  earl> ,  U  l  late 

44 

H:  r 

V. 

SO  with  H.F,  has! 

:s.  S'  ar.c  !'/. 

Lo  : 

U" 

S'. 

4? 

C  able 

Sr 

4* 

u  > 

Meas'jrerr.pr! 

Pom! 

Hardwire  A r >  S 

Marrtw.'e  A f  h 

Hare*,  re  Ar-  !' 

Hat  <lw  : r 

"  A  -  : 

ptl  Cmr! 

ca'iv  «.*r  \T  iu re 

S'  ear :  v ,  >  jj»e 

4.-  »*,i'  !\  t  J ,  T 

4  T  \  . 

lav- 

1.  pp**r  ArraN 

F  or  In  sc,  lute  C." 

ca'  !n  .  •  , . !  late 

4f  ear  In  ,  1. '  late 

4  *  ear  In  . 

!.T  lav 

4P  Load 

Ur.-Ut' 

S! 

4' 

4  -» 

Tp  Load 

U'  -Uy 

ST 

4l-4f 

4, 

h.  : 

-v,  w.y  H.r  .  hav 

Ur  late 

S'  arid  H.r. 

Sr 

Lo : 

tar  In  I1'  or  4e  clori'iirutrit 

so 

S' 

I'able 

SC  ear  In,  4T  late 

4S 

!*  V .  r  r 

MeaAuren  er,t 
Point 

Hardwire  \r-.  4 

Pi’l  kmd 

tar  In  SC-SC,  the..  22. 
at  or-  1.2 

i  oner  ArraN 

tar  in  ' and-->C  urtb 
sir  a!!  L.f. 

4p  Loac 

SC  earlN,  -  ?C  dominant 
late,  ;cc  or-  all 

TP  Load 

2'  *  ;t‘  some  higher 

1  rer;. 

h.  r 

W.  CKm-maT  t 

Lo : 

4T  w.tk  H.r. 

>  able 

4  T-4f 

Normalization  of  the  CDI  results  is  quite  straightforward.  For  all  but  drive 
point  4,  the  standard  deviation  of  all  drive  currents  was  onlv  4.Sf\-  of  the  STS  rnA  mean 
value.  Most  of  this  small  deviation  was  the  result  of  small  peak  amplitude  changes  if' 
going  from  one  drive  point  to  another.  For  a  given  drive  point,  the  variation  was  even 
smaller.  The  exception  was  drive  point  4  which  had  a  lower  drive  pulse  of  TOO  mA 
because  of  the  larger  damping  resistor,  FTut  again,  the  drive  level  was  very  constant. 
As  a  result,  the  SCATSAT  responses  were  constant  also,  and  the  normalization 
consisted  merely  of  dividing  each  peak  value  bv  the  mean  drive  current  at  that 
particular  drive  point. 
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Comparison  of  arc  and  capacitive  responses  at  drive  point  I 
for  a  one  ampere  drive  current 


UPPER  ARRAY 


— 

1 

i 

1 

|| 

1 

1 

1 

1 

1 _ 

JU 

1 

111 

1 

o 

< 

o 


C£ 


o 

<£ 

o 


CO 

ro 


«o 
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Figure  29.  Comparison  of  arc  and  capacitive  responses  at  drive  point  2 

for  a  one  ampere  drive  current 
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PCU  GROUND 


PLAK  SIGNAL  (mV) 


PEAK  SIGNAL  (mV) 


-  ARC  RESPONSE  0  I  AMPERE  ON  SCATSAT 

- CAPACITIVE  RESPONSE  0  1  AMPERE  ON  SCATSAT 

-  P73-2  RESPONSE  0  I  AMPERE  (ARC) 

RT-  1  7327 

Figure  34.  Comparison  of  arc  and  capacitive  responses  at  drive  point  5 

for  a  one  ampere  drive  current 


PIAK  SIGNAl  (mV) 


CAPACITIVE  RESPONSE  0  t  AMPERE  ON  SCATSAT 
P73-2  RESPONSE  9  1  AMPERE  (ARC) 

RT-17502 

Figure  36.  Comparison  of  arc  and  capacitive  responses  at  cfrive  point  10 

for  a  one  ampere  drive  current 


-  ARC  RESPONSE  *  1  AMPERE  ON  SCATSAT 

-  CAPACITIVE  RESPONSE  @  !  AMPERE  ON  SCATSAT 

-  P73-?  RESPONSE  0  1  AMPERE  (ARC) 

RT- 1 7503 

Figure  37.  Comparison  of  arc  and  capacitive  responses  at  drive  point  1 1 

for  a  one  ampere  drive  current 


Normalization  and  indeed  determination  of  the  response  amplitudes  for  the  arc 
injection  was  complicated  by  a  much  larger  variation  in  drive  current.  The  arc  pulse 
waveform  was  characterized  for  a  total  of  57  pulses  measured  at  intervals  over  the 
duration  of  the  arc  injection  tests.  The  standard  deviation  was  27%  of  the  17.6  ampere 
average  value,  with  a  total  range  of  as  small  as  7  amperes  to  as  large  as  28  amperes,  a 
four  to  one  range.  Since  the  responses  vary  linearly  with  the  drive  current,  they  also 
varied  rather  widely.  To  obtain  meaningful  response  data,  at  least  three  and  as  many  as 
five  responses  were  recorded  at  every  point  during  the  arc  tests.  These  were  then 
averaged  to  obtain  the  mean  response  amplitude.  Each  mean  response  was  then  divided 
by  the  mean  drive  current  of  17.6  amperes  to  obtain  the  normalized  response  at  one 
ampere.  These  values  are  plotted  in  Figures  28  through  38. 

COMPARISONS 

Comparisons  of  frequency  content  and  normalized  peak  amplitudes  will  be  made 
before  proceeding  to  calculating  the  estimated  CDI  response  of  the  P78-2. 

The  frequency  content  of  arc  and  CDI  responses  may  vary  due  to: 

1.  Different  frequency  content  of  the  drive  pulses. 

2.  Different  ratio(s)  of  POE  excitation,  i.e.,  CDI  may  preferentially  excite  one 
or  more  POE's  while  arc  injection  excites  other(s).  The  different  POE's  may 
have  different  characteristic  frequencies. 

Examination  of  Table  7  shows  that  there  are  generally  higher  frequencies  (  -100  MHz) 
accompanying  lower,  dominant  frequencies  in  the  SCATSAT  CDI  responses.  These 
higher  frequencies  are  generally  absent  from  the  arc  injection  responses  which 
otherwise  have  similar  dominant  lower  frequencies.  Examination  of  the  response  photos 
also  shows  that  the  CDI  responses  are  nearly  all  more  complex  and  "hashy"  looking  than 
the  corresponding  arc  responses.  This  general  trend  may  be  due  to  the  first  reason, 
which  prompted  investigation  into  the  drive  waveforms. 

The  most  representative  drive  waveforms  were  blown  up,  digitized,  and  Fourier 
transformed.  The  drive  waveforms  are  plotted  in  Figures  39  and  40  and  their 
transforms  in  Figures  41  and  42.  The  interesting  comparison  is  the  relative  frequency 
content  in  the  100-200  MHz  region  to  that  at  around  50  MHz  where  manv  of  the 
dominant  response  frequencies  occur.  This  is  shown  in  Table  8  for  four  average 
frequencies  appearing  in  the  CDI  responses.  As  suggested  by  the  responses  and 
expected  from  the  faster  risetime  of  the  CDI  drive  current,  it  has  a  much  larger  high 
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Figure  41.  Fast  Fourier  Transform  of  arc  current 


Figure  42.  Fast  Fourier  Transform  of  CD!  current 
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frequency  content  relative  to  50  MH7  than  does  the  arc  drive  current.  This  accounts  at 

least  partially  for  the  lack  of  high  frequenc  y  in  the  arc  responses. 

Table  8.  Comparison  of  High  to  Mid  Frequency  Content  for 

CHI  and  Arc  Currents 

'  t.  . .  CPI 

vn.-  \v;  1  V  v  >  «.*(<  r‘.vv.; 

’  v  r/,f 


The  effect  of  the  second  of  the  possible  reasons  for  differing  frequency  content  is 
n  uch  more  difficult  to  assess.  In  Reference  7  we  concluded  that  CPI  resulted  in  much 
larger  bod v  surface  current  at  a  significant  distance  from  the  drive  point  than  seas  the 
case  for  arc  injection.  This  wider  spread  response  mav  excite'  additional  points  of  entry 
not  excited  by  the  arc  injection,  especially  POE's  sensitive  to  the  generally  higher 
frequencies  associated  with  external  body  resonances.  Differences  in  frequency 
content  at  specific  drive  or  measurement  locations  may  be  due  to  this  effect,  but 
unfortunately  are  masked  by  the  general  trend  to  higher  frequency  content  of  CDI. 
However,  there  are  some  specific  examples  of  this  effect  at  louer  frequencies.  A  mid 
frequency  (5-15  MHz)  appears  in  some  of  the  solar  array  associated  measurements  for 
CHI  which  are  absent  in  the  arc  responses.  Similarly  in  the  4B  load  measurement,  some 
CDI  responses  had  a  component  around  10  MHz.  which  doesn't  appear  in  the  arc- 
responses.  Yet  the  transforms  of  both  pulses  are  about  equally  rich  in  10  MHz  as 
compared  to  5 0  MHz.  Thus,  one  must  conclude  that  an  additional  FOE  is  being  excited 
bv  the  CDI. 

Because  of  this  latter  effect,  there  is  actually  no  reason  to  expect  exactly  equal 
frequency  content  in  the  responses  even  if  the  drive  waveforms  were  identical,  which 
they  are  not.  But  it  is  clear  that  resonances  below  about  a  100  MHz  are  being  excited 
by  both  drive  techniques,  as  agreement  of  frequency  content  in  this  region  is  generally 
good.  These  findings  are  evidence  of  the  fact  that  the  response  produced  depends  not 
only  in  the  detailed  nature  of  the  excitation,  i.e.  pulse  amplitude  and  frequency,  but 
also  on  the  manner  in  which  it  is  applied,  i.e.  how  and  where  applied.  Moreover  what 
constitutes  the  worst  case  response  depends  not  only  on  the  threat  but  on  the  detailed 
construction  of  the  object  stressed. 

Very  little  can  be  said  about  frequency  content  of  the  P78-2  experiment  vs  that 
observed  in  the  SCATSAT  experiment.  Four  of  the  five  P7S-2  measurement  points 
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record  only  peak  amplitude  data.  The  only  "time  history"  data  comes  from  the  SC1-8R 
experiment  which  sampled  the  harness  wire  signal,  "Cable,"  at  logarithmically  spaced 
time  intervals.  But  even  here,  reconstruction  of  the  signal  waveform  is  difficult  since 
nothing  is  known  about  exactly  where  on  the  waveform  the  threshold  (zero  time)  occurs, 
the  sample  window  time  (which  of  necessity  is  finite),  etc. 

It  can  be  stated  that  some  of  the  data  available  for  this  measurement  on  the 
P78-2  are  not  inconsistent  with  observations  from  the  SCATSAT  experiment.  That  is, 
the  measured  SCATSAT  dominant  frequency  for  this  measurement  ranged  from  43  to 
50  MHz.  Scaling  for  P78-2  to  SCATSAT  size  means  that  the  dominant  frequency  on 
P78-2  should  be  in  the  range  31  ±3  MHz  and  it  appears  possible  to  fit  a  sinewave  of  this 
frequency  to  the  reported  data  samples.  Also,  the  envelope  of  SCATSAT  data  is 
consistent  at  least  with  the  reported  P78-2  data  for  arc  location  8.  Here  the  largest 
measured  value  occurred  at  100  ns  and  significant  signals  still  existed  at  >200  ns.  The 
SCATSAT  data  for  drive  point  8,  both  CDI  and  arc  injection,  show  the  signal  also 
peaking  at  100-150  ns  and  ringing  to  -200  ns.  Unfortunately,  the  SCATSAT  cable 
response  for  most  other  injection  points  also  showed  ringing  to  >200  ns  while  the  P78-2 
data  do  not.  Without  knowing  the  amplitude  resolution  of  the  SC1-8B.  it  is  not  possible 
to  determine  whether  or  not  it  is  possible  for  it  to  have  missed  these  later  signals. 
Certainly  there  is  not  a  warm  feeling  about  the  agreement  for  arc  points  1  through  7. 
SCI -SB  measured  nothing  as  early  as  7  ns  after  the  threshold  was  crossed  while  all  the 
SCATSAT  data  rang  well  beyond  this  time. 

Comparisons  of  normalized  peak  response  amplitudes  have  been  made  for  CHI  vs 
arc  injection  on  the  SCATSAT  and  for  arc  injection  of  SCATSAT  vs  arc  injection  of 
P78-2.  The  former  are  of  interest  in  determining  whether  an  object  of  satellite  like 
complexity  exhibits  the  same  larger  responses  lor  CDI  simu'ation  of  outward  charge 
emission  as  the  surface  currents  on  the  simple  body  (Ref.  3).  The  latter  are  of  interest 
in  determining  how  faithful  a  representation  of  the  P7S-2  has  been  achieved  in  the 
SCATSAT. 

The  comparisons  can  be  made  in  a  couple  of  different  ways.  One  is  to  plot  data 
for  each  injection  point  with  measurement  location  as  the  variable.  This  has  been  the 
form  of  presentation  of  the  data  so  far.  The  other  method  is  to  plot  all  data  for  each 
measurement  location  w  ith  injection  point  as  the  variable. 

The  second  technique  is  useful  for  identifying  patterns  of  response  amplitude  as  a 
function  of  where  the  object  is  driven.  Such  a  pattern  shows  up  stronglv  in  Figures  4  3 
and  44  for  SCATSAT  C,D1  drive.  Here  the  solar  array  associated  measurements,  PCI 
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ground  and  upper  array,  show  much  greater  response  when  the  solar  array  was  driven  at 

points  3,  8,  and  9.  The  same  pattern  does  not  appear  in  the  P78-2  data.  As  a 

consequence,  when  the  arc  injections  of  SCATSAT  were  made,  we  made  some 
modifications  to  see  if  we  could  duplicate  the  P78-2  results,  as  well  as  duplicating 
exactly  the  previous  CDI  drives.  In  Figures  45  and  46,  data  are  plotted  for  arc 
injections  directly  to  the  solar  array  at  points  3  and  8  as  was  done  in  the  GDI,  but 
point  9  was  injected  to  the  array  substrate  instead  of  the  array  itself.  Data  was  also 
taken  (but  not  shown)  for  arc  injection  to  0.008  inch  fused  silica  cover  glasses  over  the 
simulated  array  at  points  3  and  8,  to  see  if  this  had  an  effect  on  the  pattern.  Figures  45 
and  46  shown  that  when  the  array  was  driven  directly  by  the  arc,  it  had  the  same  strong 
coupling  to  PCU  ground  and  upper  array  that  CHI  did.  Even  when  the  cover  glasses 

were  added,  the  pattern  did  not  change  but  the  level  of  all  measurements  merely 

shifted  downward  by  a  factor  of  about  3  to  5.  Only  when  the  substrate  was  driven 
rather  than  the  array  itself  did  the  response  behave  as  did  the  P78-2.  We  conclude 
from  this  that  either  (1)  our  simulation  of  the  solar  array  penetration  is  very  poor  or 
(2)  the  P78-2  arcs  were  also  to  the  substrate  rather  than  being  directly  to  the  solar 
array  or  cover  glasses.  The  first  reason  seems  unlikely  since  we  have  simulated  this 
major  penetration  very  faithfully. 

The  data  plots  using  the  second  technique  show  no  other  significant  patterns  than 
those  associated  with  injection  directly  to  the  solar  array.  The  P78-2  data  is  generally 
rather  flat  with  the  Low  Z  antenna  showing  the  greatest  range.  The  SCATSAT  data 
shows  generally  wider  ranges  of  data  distribution  especially  for  arc  injection,  but  still 
no  pattern. 

The  data  were  plotted  in  Figures  28  through  38  so  that  all  the  SCATSAT  and 
P78-2  responses  for  a  single  drive  point  can  be  compared  easily.  Ignoring  drive  points  3 
and  8,  which  will  be  discussed  separately,  two  strong  patterns  appear  in  these 
comparisons.  First,  in  57  of  63  measurements  CDI  produced  greater  responses  than  did 
arc  injection.  Four  of  the  six  where  this  did  not  occur  were  associated  with  drive 
point  7  and  the  other  two  occurred  at  drive  point  1.  Both  of  these  are  on  the  central 
structure  around  the  belly  band,  specifically  to  boom  mounting  brackets.  The  CHI 
responses  were  greater  than  arc  responses  by  a  factor  of  about  two  to  almost  two 
orders  of  magnitude.  Second,  for  33  of  34  measurements  the  P7S-2  response  to  arc 
injection  is  greater  than  the  SCATSAT  response  to  arc  injection.  The  one  place  where 
this  did  not  occur  was  again  at  drive  point  1  on  the  central  structure.  This  suggests 
that  tfic  SCATSAT  was  not  as  leaky  as  the  P78-2,  especially  in  the  region  of  the  central 

64 


structure.  This  is  not  too  surprising  since  this  is  probably  the  area  on  the  model  where 
greatest  "experimental"  (i.e.,  P78-2  experiment)  complexity  was  left  out  of  SCATSAT. 
There  are  many  penetrations  in  this  region  on  the  P78-2  which  should  be  simulated  for 
further  testing. 
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Figure  43.  Peak  signal  observed  on  "PCU  Ground"  for  capacitive 
direct  injection  at  the  eleven  drive  points. 

Data  normalized  to  one  ampere  drive. 

The  responses  at  drive  points  3  and  8  behave  differently  because  of  injection 
directly  to  the  solar  array  as  previously  discussed.  The  PCI!  Ground  and  Upper  Array 
measurement  points  on  SCATSAT  show  greater  response  for  arc  injection  than  for  CDI. 


Cross  coupling  between  the  array  POE  and  two  other  cable  measurements  cause  these 
to  also  be  affected  by  the  large  currents  on  the  array.  Also  because  of  the  direct  array 
drive,  the  PCU  Ground  and  Upper  Array  responses  to  arcs  on  SCATSAT  are  greater  than 
the  same  measurements  on  the  P78-2.  These  SCATSAT  responses  are  considered  non¬ 
representative  of  the  P78-2  arc  tests  because  of  the  apparent  difference  in  exact 
injection  point. 
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Figure  44.  Peak  signal  observed  on  "Upper  Array"  for  capacitive 
direct  injection  at  the  eleven  drive  points. 

Data  normalized  to  one  ampere  drive 


In  taking  and  analyzing  the  SCATSAT  data,  a  distinct  pattern  emerged  as  far  as 
the  relative  amplitude  of  several  of  the  measurements  points  on  the  model  were 
concerned.  In  order  of  largest  to  smallest,  the  order  was: 

SC1-8B  Cable  (all) 

PCU  Ground  (all) 

Upper  Array,  Low  Z,  3B  (mixed  and  nearly  equal) 

4B  (9  of  11) 

High  Z  (all) 

The  P78-2  responses  also  exhibit  an  order  as  follows: 

PCU  Ground  (all) 

SC1-8B  Cable  (all) 

Low  Z  i 

.  Sometimes  equal 
Upper  Array  I 

High  Z  (all) 

Except  for  the  reversal  of  PCU  Ground  and  Cable,  the  relative  response  pattern  on  the 
SCATSAT  model  was  quite  similar  to  the  P78-2  for  the  five  P78-2  responses  reported. 

CALCULATION  RESULTS 

One  of  the  purposes  of  this  effort  was  to  make  estimates  of  the  P78-2  response  to 
a  CDI  simulation  of  charge  blowoff,  based  on  the  experimental  results.  The  calcu¬ 
lations  to  do  this  and  the  results  are  presented  in  this  section. 

An  important  note  of  caution  is  in  order  before  preceeding,  however.  Despite 
significant  efforts  to  duplicate  the  electromagnetic  characteristics  of  the  P78-2  in  the 
SCATSAT,  it  is  still  not  the  P78-2.  The  resulting  SCATSAT  responses  are  similar  to  the 
P78-2  responses  but  not  duplicates.  Therefore  the  results  of  the  following  calculations 
are  indicators  of  how  the  P78-2  may  respond  rather  than  firm  predictions.  More  must 
be  known  about  the  coupling  paths  before  predictions  are  possible.  This  can  only  be 
determined  from  a  more  detailed  coupling  and  susceptibility  analysis. 

The  parameters  of  interest  are  the  margins  for  upset  of  critical  circuits  in  the 
P78-2.  Twelve  critical  circuits  have  been  identified  and  their  thresholds  determined. 
The  circuit  thresholds  are  twice  the  "set  thresholds"  used  in  conducted  interference 
tests  of  Reference  2.  The  cables  which  connect  to  the  least  and  most  sensitive  of  these 
critical  circuits  are  simulated  in  SCATSAT  by  "3B  Load"  and  "4B  Load"  respectively. 


The  measured  responses  on  these  lines  were  scaled  to  their  estimated  P78-2  response 
level  for  CHI  and  compared  to  the  upset  thresholds.  The  scaling  is  based  on  the 
experimental  results  which  show  (1)  the  P78-2  to  be  more  leaky  than  SCATSAT  and 
(2)  that  CHI  generally  produces  greater  response  than  arc  injections. 

The  simulated  critical  circuits  are  located  in  the  main  cable  bundle  where  the 
"Cable"  measurement  point  for  SCI -SB  is  also  located.  Therefore  it  is  reasonable  to 
examine  the  variation  of  "Cable"  response  for  the  P78-2  vs  SCATSAT,  and  capacitance 
vs  arc  injection  of  SCATSAT,  to  draw  some  conclusion  about  how  large  actual  signals  on 
these  points  might  he  when  arcs  occur  in  space.  The  measured  4B  load  (Critical 
Circuit  12)  and  3B  load  (Critical  Circuits  9  and  10)  have  been  scaled  to  one  ampere  of 
outward  emission  current  from  the  P7S-2  by  the  following  equation. 

P7S-2  \'  (Arc) 

P78-2  VL(CDI)  =  SCATSAT  VL(Cm)  x  sCATS.^"\^77Arc) 

where  _  Load  voltage  on  3B  (CC  9/10)  or  4B  (CC  12).  measured  on  SCATSAT 

and  estimated  for  the  P78-2. 

Measured  "Cable"  response 

The  ratio  is.  of  course,  the  measure  of  just  how  much  more  energy  is  coupled  into  the 
P78-2  for  a  particular  injection  point  than  into  the  SCATSAT.  Again  a  note  of  caution 
is  in  order.  The  "Cable"  results  from  the  P7S-2  arc  tests  are  totallv  flat  at  1.27  volts, 
the  threshold  of  the  experiment  for  all  injection  points.  The  SCATSAT  results  for  this 
particular  measurement  were  also  relatively  flat,  but  did  show  variation  of  about  a 
factor  of  three  from  minimum  to  maximum  as  different  points  were  injected.  Thus,  one 
might  ask  whether  the  actual  peak  "Cable"  signal  varied  also  and  simply  failed  to  show 
up  because  of  the  constant  experiment  threshold.  This  would  have  some  impact  on  the 
results  of  these  calculations,  which  are  shown  in  Table  9.  The  outward  emission  current 
which  will  raise  the  signal  on  these  lines  to  the  critical  c>cuit  threshold  is  also  showm  in 
Table  9.  This  is  calculated  by  dividing  the  threshold  voltage  by  the  estimated  load 
voltage  per  ampere.  The  circuit  12  threshold  is  170  mV  and  the  circuit  9/10  threshold  is 
1 1,000  mV. 

Clearly,  the  lowest  upset  threshold  is  for  circuit  12,  with  2  to  30  amperes  of 

outward  emission  current  required.  The  emission  charge  has  been  estimated  from  the 
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literature  to  be  about  2  x  10  coul/cm  (Ref.  6).  For  a  current  waveform  which  is 
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similar  to  the  experimental  waveforms  and  10  ns  wide,  the  areas  required  to  discharge 

2 

are  in  the  range  of  10  to  150  cm  .  There  are  many  dielectrics  on  the  P7S-2  of  much 
larger  area  than  these,  therefore  it  appears  likely  that  some  critical  circuit  upsets  may 
appear  when  the  P78-2  is  on  orbit. 

Table  9.  Estimated  P78-2  Critical  Circuit  Responses 


Signal  Voltage  per  Amp  Pointed  (mv/amp)  Thresliold  I. mission  Current  lamps) 


Critical  Circuit 

Point  2 

Point  4 

Point  5 

Point  8 

Point  2 

Point  4 

Point  5 

Point  8 

12 

7 

20 

14 

6 

24 

7 

12 

30 

9  and  10 

15 

5 

6 

20 

730 

2000 

260 

550 

Point  6 

Point  7 

Point  9 

Point  10 

Point  f* 

Point  7 

Point  9 

Point  10 

12 

58 

24 

88 

85 

2.9 

7.1 

1.9 

2.0 

9  and  10 

43 

18 

60 

89 

260 

no 

120 

Point  1 

Point  3 

Point  1 1 

Point  ) 

Point  3 

Point  1 1 

12 

No  data 

No  data 

37 

No  data 

No  data 

4.7 

9  and  10 

No  data 

No  data 

39 

No  data 

No  data 

2X0 

The  question  naturally  arises  that  if  upsets  are  predicted  for  only  2  to  30  amps  of 
outward  emission,  would  they  be  expected  for  the  40  ±10  amps  estimated  current  in  the 
P78-2  arc  tests?  This  can  be  answered  by  multiplying  the  1  amp  4R  Load  (Critical 
Circuit  12)  voltage  observed  in  the  SCAT5AT  arc  tests  by  the  ratio  of  Cable  response 
for  P78-2  arc  to  the  Cable  response  for  SC.ATSAT  arc  and  the  40  amp  P78-2  arc 
current.  Expressed  as  an  equation 


P78-2  Vc(Arr) 

P78~2  VL(Arc)  =  SCATSAT  VL(Arc)  x  SCATSAT 


The  results  for  the  eleven  injection  points  are: 


Point 

1 

2 

3 

4 

5 

6 

7 

8 
9 


P78-2  CC  12  Voltage 
<32  mV 
90  mV 
<33  mV 
90  mV 
105  mV 
44  mV 
1 16  mV 
85  mV 
73  mV 
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Point _ P78-2  CC  12  Voltage 

10  33  mV 

11  _ 59  mV _ 

These  estimated  critical  circuit  12  voltages  are  19  to  68%  of  the  threshold,  so  the 
answer  is  that  no  upset  of  this  circuit  would  be  expected  for  these  eleven  injection 
points  during  the  arc  tests.  If  none  of  the  other  critical  circuits  are  connected  to  wires 
with  significantly  greater  leakage,  then  no  upsets  would  be  expected  at  all  during  the 
P78-2  arc  tests.  This  agrees  with  the  results  reported  by  MMC  that  "There  were  no 
anomalies  as  a  result  of  the  static  discharge  to  the  vehicle,"  Reference  10. 
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4.  SOLAR  ARRAY  EXCITATION 


Continuing  puzzlement  about  the  differences  between  SCATSAT  and  P78  2 
responses  to  solar  array  injection  resulted  in  some  important  realizations  about  proper 
technique  for  simulating  E1D  on  solar  arrays.  The  problem  arises  from  the  fact  that  the 
solar  array  is  basically  a  string  of  semiconductor  diodes  so  that  (1)  the  polarity  of 
injection  becomes  important  and  (2)  the  illumination  level  may  be  important.  A 
schematic  representation  of  an  array  including  stray  coupling  to  structure  and  the  load 
circuit  is  shown  in  Figure  47.  A  blowoff  of  electrons  due  to  EID  on  one  of  the  cell 
cover  plates  is  represented  by  the  current  generator.  Note  that  the  negative  charge  of 
electrons  emitted  from  the  array  is  the  same  as  a  positive  conventional  current  injected 
onto  the  array.  This  positive  current  can  then  flow  easily  to  the  negative  pickup  wire 
through  the  forward  biased  cells  and  to  the  structure  via  the  power  single  point  ground 
(SPG).  Of  course,  some  of  the  injected  current  will  also  flow  directly  to  the  structure 
via  the  cell  to  substrate  capacitance  which  is  of  the  order  of  10-20  pF  per  cell. 

The  cells  above  the  arc  point  are  reverse  biased  and  will  therefore  tend  to  block 
current,  especially  on  the  shadowed  side  of  the  space  vehicle.  Because  of  this,  the 
degree  of  laboratory  illumination  may  be  important  to  EID  simulation  quality.  In  a 
poorly  lit  area  or  one  where  the  illlumination  spectrum  is  poorly  matched  to  the  cell 
sensitivity,  these  reverse  biased  cells  will  represent  a  higher  impedance  than  will  be  the 
case  of  full  illumination  on  orbit  and  a  lower  impedance  than  when  shadowed  on  orbit. 
Thus,  coupling  to  the  positive  pickup  wires  may  be  poorly  simulated  in  the  laboratory 
environment. 

A  negative  conventional  current  injected  at  the  point  shown  is  blocked  from  both 
positive  and  negative  pickup  wires  by  the  cells  on  one  side  and  the  blocking  diodes  on 
the  other.  This,  of  course,  would  make  for  a  very  poor  simulation  of  EID.  A  very  key 
observation  here  is  that  the  injection  circuit  of  Figure  6  in  Mil-Std  1541  will  produce 
exactly  that  negative  current  injection  if  the  SCR  end  of  the  auto-transformer  is 
grounded  to  the  test  object  and  the  arc  taken  from  the  high  voltage  end  of  the 
secondary.  It  is  very  important  that  the  injection  be  polarized  to  produce  a  positive 
conventional  current  into  the  array. 
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Figure  47.  Schematic  of  real  solar  array  with  EID  injection 

The  problem  of  injection  polarity  does  not  exist  with  SCATSAT  since  it  is  a 
completely  linear  model,  i.e.,  there  are  no  semiconductor  devices  such  as  the  cells  or 
the  blocking  diodes.  The  "solar  arrays"  are  strips  of  highly  conductive  copper  tape 
rather  than  the  uncertain  conductivity  of  the  real  solar  cells  on  the  P78-2,  which  may 
account  for  the  observed  difference  in  coupling  when  the  array  is  driven.  Whether  the 
metal  strips  are  a  better  or  worse  simulation  of  the  actual  on  orbit  condition  is  not 
known  at  this  time.  This  area  is  worthy  of  some  investigation  since  the  array  is  a 
potentially  major  penetration  on  most  satellites  and  its  proper  excitation  is  very 
important  to  system  level  EID  testing. 
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5.  CONCLUSIONS  AND  RECOMMENDATIONS 


Responses  of  the  SCATSAT  model  of  the  P78-2  space  vehicle  been  measured  for 
two  drive  techniques  which  represent  different  aspects  of  an  electron  induced  dis¬ 
charge.  Complete  sets  of  high  quality  data  were  obtained  for  the  five  measurements 
and  eleven  drive  points  which  parallel  those  used  in  the  MMC  arc  tests  on  the  actual 
P 78-2,  and  for  two  additional  measurements  representing  P78-2  critical  circuits  9/10 
and  12.  The  SCATSAT  data  were  analyzed  and  then  used  to  scale  the  measured 
responses  of  the  P78-2  to  what  might  be  expected  if  it  were  driven  with  a  capacitive 
direct  injection  simulation  of  charge  blow  off. 

This  effort  has  used  a  physical  representation  of  the  P78-2  rather  than  an 
analytical  one  to  help  quantify  coupling  effects.  Such  an  approach  has  the  advantage  of 
including  in  a  single  model  everything  we  perceive  to  be  important  to  the  coupling  chain 
and  in  greater  detail.  The  complexity  of  the  real  space  vehicle  precludes  doing  this  in 
an  analytical  approach.  The  principal  disadvantage  of  the  physical  model  is  the 
inability  to  easily  vary  elements  to  study  sensitivities  and  thereby  improve  under¬ 
standing  of  the  coupling  mechanisms.  In  either  approach  possibly  erroneous  perceptions 
can  result  in  a  less  than  perfect  representation  of  the  real  system.  This  study  has  the 
advantage  of  having  real  system  responses  which  we  can  compare  to  our  simulated 
responses  to  see  how  well  we  are  doing.  The  comparisons  show  clearly  that  we  have  not 
succeeded  in  exactly  duplicating  the  P78-2  because  the  responses  are  not  identical. 
The  principal  difference  is  that  the  relative  amplitudes  of  the  two  largest  responses  are 
reversed.  But  it  is  also  apparent  from  the  comparisons  that  the  model  is  a  reasonable 
representation. 

The  indirectly  measured  P78-2  responses  also  seem  to  have  been  well  represented. 
The  signal  levels  estimated  for  the  most  sensitive  P78-2  critical  circuit  from  the 
SCATSAT  and  P78-2  data  show  that  they  are  below  the  circuit  threshold  for  all  drive 
points.  This  indicates  that  no  upsets  should  have  been  observed  in  the  P78-2  arc  tests 
and  this  was  indeed  the  case. 
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We  draw  the  following  conclusions  from  the  experimental  data  and  calculations. 

1.  Capacitive  direct  injection  can  produce  larger  internal  responses  in  a 
complex  object,  amp  for  amp,  than  does  arc  injection,  though  the  dif¬ 
ferences  are  somewhat  smaller  than  previously  predicted  for  external 
surface  current  responses  (Ref.  3). 

2.  Arc  injection  produces  larger  responses  than  CD1  when  the  arc  point  is 
coupled  directly  to  the  measurement  point,  i.e.,  the  solar  array. 

3.  No  upsets  would  be  expected  in  the  arc  tests  of  the  P78-2  based  on  the 
experimental  data  and  this  was  verified  by  the  test  report. 

4.  Critical  circuit  upsets  are  likely  due  to  EID  resulting  in  charge  blowoff  once 
the  P78-2  space  vehicle  is  on  orbit.  Calculations  show  emission  currents  of 
only  2  to  30  amps  are  required  to  raise  critical  circuit  12  to  its  threshold. 
Even  with  some  uncertainty  allowed  for  a  less  than  perfect  simulation, 
currents  of  a  few  amperes  are  all  that  are  required.  The  corresponding 
dielectric  areas  required  to  discharge  are  of  the  order  of  tens  to  hundreds  of 
square  centimeters.  Dielectric  surfaces  of  this  size  exist  in  many  places  on 
the  P78-2. 

3.  The  polarity  of  injection  is  very  important  when  simulating  EID  effects  on 
real  solar  arrays.  The  degreee  of  illumination  may  also  be  important  but 
this  hasn't  been  verified  yet. 

The  objective  of  the  arc  test  on  the  P78-2  was  to  verify  its  invulnerability  to  EID 
effects  per  Mil-Std  1541  techniques.  Our  conclusions  indicate  that  this  objective  was 
not  fully  met  because  the  arc  tests  do  not  simulate  the  worst  effect  of  EID.  Therefore, 
we  also  conclude  that  CDI  should  be  added  to  the  Mil-Std  1541  tests  to  obtain  a  more 
realistic  EID  simulation.  This  will  require  some  development  of  equipment  and/or 
techniques  in  order  to  scale  the  drive  current  up  to  threat  levels.  An  increase  of  the 
order  of  at  least  ten  to  a  hundred  from  the  levels  of  the  SC  ATS  AT  tests  is  necessary. 
The  military  standard  should  also  be  modified  to  stress  the  importance  of  correct 
injection  polarity. 

The  logical  progression  of  tests  and  analyses,  of  which  these  electrical  tests  are  a 
part,  should  be  continued.  This  could  proceed  in  several  areas,  the  most  important  of 
which  is  to  bring  together  the  dielectric  materials  testing  and  the  electrical  testing  into 
an  electron  spraying  experiment  on  instrumer  ted,  satellite-sized  test  objects.  A  simple 
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cylinder  should  be  tested  first,  then  the  SCATSAT.  The  results  would  be  compared  to 
the  available  arc  and  CDI  response  data  on  these  two  objects  to  validate  the  quality  of 
the  electrical  simulation  of  EID.  Then  more  meaningful  electrical  testing  of  satellites 
for  EID  effects  can  be  achieved. 

In  parallel  with  these  tests,  the  parametric  sensitivity  study  devoted  to  modeling 
EID  response  begun  with  this  program,  should  be  completed.  The  aim  of  this  effort 
would  be  to  more  quantitatively  determine  how  variation  is  different  aspects  of  the 
threat:  pulse  shape,  amplitude,  coupling,  affect  response.  This  study  should  be  driven 
by  an  awareness  of  which  aspects  of  the  response  are  important  to  simulate  to  validate 
the  EID  survivability  of  systems.  In  particular,  a  simple  drive  technique  may  not  be  a 
sufficient  qualification  tool. 
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